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CHAPTER 5 i

RESULTS & DISCUSSION
The microstructure and properties of Thin films vary with different deposition techniques

+ and processing parameters. The Thin films of TiN, ZrN and ZrTiN of varying thickness
were prepared by Cathode arc evaporation PVD technique at Multiarc (I) Itd. Umargoan.
Film thickness was chosen as the controlling parameter and single-variable experiments
were conducted. The resulting coatings were characterized using the following
techniques: Scanning Electron microscope (Hitachi 3400 and Joel 5610), Cu Ka X-ray
diffraction analysis (Philips PHILIPS PANalytica Xpert pro  diffractometer),
Potentiodynamic test for corrosion resistance(EG & G PARC 273 and Gamry
potentiostate( reference 600) ), Pin on disc (Model TR-20,DUCOM-Banglore)for Wear
resistance measurement. The surface morphological and chemical changes before and

after corrosion and wear were measured in terms of SEM and EDX analysis.

5. A SEM CHARACTERISATION
5.A.I SEM & EDX analysis of as deposited TiN, ZrN and ZrTiN thin films
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Fig. 5.A I SEM and EDX analysis of as deposited TiN, ZrN and ZrTiN thin films
without corrosion and wear
In Fig 5.1, SEM and EDX analysis indicates the presence of Ti and N, Zr and N and Zr,
Ti and N in the coatings of (i)TiN, (ii)ZrN and (iii)ZrTiN ,thus confirming their chemical

composition.

S. A.1 SEM Microstructure of TiN thin Films of varying thickness
The SEM micrograph fig 5.A.1.1 indicates the presence of macroparticles. One of the

main disadvantéges in using the cathodic arc process is the formation and subsequent
incorporation of macroparticles in the growing coating. Large number of coarse
macroparticles is observed in 1.5p and 2.0p TiN (Fig 5.A.1.1 a, b). However quantity and

size of macroparticles reduces as thickness of coating is increased
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(d)3.0 uTiN at 100X

| ()4 TiNp at 100X
Fig 5.A.1.1 SEM Microstructure of TiN thin Films of Varying thickness
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Fig 5.A.1.2 EDX analysis of macroparticle in 1.5p TiN

The EDX analysis in fig 5.A.1.2 at the point indicates that the macroparticle is composed

of Ti.It is generally considered that these macroparticles are harmful to the properties of
the TiN coating deposited by arc ion plating. [1] However, the presence of the
macroparticles in the TiN- substrate interface may be useful to the adhesion of TiN
coating to the substrate. The presence of macroparticles in the TiN coating is favorable
for the release of internal stresses, because the Ti macro-particle has a much higher
plasticity than the TiN phase. [2-4]
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5. A. 2 SEM Microstructure of ZrN thin Films of varying thickness

In the Fig 5.A.2.1 (a) Coarse macrodroplets are observed on the surface of 1.5pu ZrN.

However as the thickness of coating increases the quantity of macrodroplets decreases fig
5.A2.1(d)

- : e
(d)3.0 p ZrN at 100X

(e)4 p ZrN at 100X
Fig 5.A.2.1 SEM Microstructure of ZrN thin Films of Varying thickness
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(a)Line analysis of 2 p ZrN (b) EDX analysis of macroparticle in 3p ZrN

Fig 5.A.2.2 Compositional analysis of 2.0p ZrN (a) Line analysis (b)Macroparticle

The Fig 5.A.2.2 indicates EDX analysis. The line analysis indicates the presence of Zr
and N whereas point analysis indicates that the macroparticle is composed of Zr. Since
the mass of Ti atoms is almost half of the Zr, there is a greater loss of kinetic energy of Ti
atoms by collision than those of the Zr, generating a coating of coarse columnar grains

that would have many voids and other structural defects that can absorb oxygen. [5]

89



5. A. 3 SEM Microstructure of ZrTiN thin Films of varying thickness

The Fig 5.A.3.1 indicates Coarse macrodroplets on the surface of 1.5 p ZrTiN .However

as the thickness of coating increases the quantity of macrodroplets decreases 5.A.3.1 (d)

(C)2.5 pZrTiN at 100X (d) 3.0 p ZrTiN at 100X

Fig 5.A.3.1 SEM Microstructure of ZrTiN thin Films of Varying thickness
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Fig 5.A.3.2 EDX analysis of macroparticle in 2.5p ZrTiN

The Fig 5.A.3.2 indicates EDX analysis at the point indicates that the macroparticle is
composed of Zr and Ti both. It seems that under thermodynamic conditions prevailing in
Cathode arc evaporation(CAE) macroparticles must be forming solid solution between Zr

and Ti metal.
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Fig 5.A.3 3 SEM micrograph with EDX mapping of Ti, Cr, Mn, Zr and Fe

The Fig 5.A.3 3 indicates that the atomic concentration of Ti and Zr depended on the
background pressure, though cathode currents were initially set to obtain equal fluxes of
Ti and Zr ions, while at all pressures the concentration of Zr is higher, the dominance of
Zr at higher pressure is even stronger. This behavior may possibly be explained by
deflection of the ions. The lighter Ti ion is more affected by the background gas nitrogen
pressure than the heavier Zr ion, resulting in a larger scattering of the Ti ions. [5]Due to
the same reason the peak intensity of Ti in fig 5.A.l. (iii) is less than Zr. [6]

The number of macro-particles per square centimeter was significantly higher in the TiN
and TixZryN than ZrN, probably owing to the lower melting point of the titanium target
material. [7]

As illustrated in the cross-section SEM of all the micrograph above deposited
TiN/ZrN/ZrTiN fdms have a dense and compact microstructure which is attributed to the
energetic metal ion bombardment during the deposition process. Voids and columnar
structure are not observed in the SEM micrograph. However, macroparticles (as typical
CAE by-products) are clearly visible on the film surface. These are Ti, Zr or Zr+Ti
droplets ejected from localized molten pools on hot cathode surfaces. These micron
sized particles are embedded in fdm synthesized by the CAE process. For applications of
these films where a fine surface finish is required, these macroparticles are not desirable

and an additional particle filtering mechanism is required. [8]
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5.B XRD CHARACTERISATION

XRD can be roughly separated into two categories: low angle (26<15) and high-angle
(26=15) XRD. The distinction is made because low-angle XRD results from the refection
of X-rays off the interfaces between layers, while high-angle XRD results from
diffraction of X-rays of individual atomic planes in the super lattice. Thus, low-angle
XRD is not affected by the crystalline quality within each layer. [9]

In order to minimize the structural analysis to only the first 1-2 pm of the coatings,
Glazing angle X-ray diffraction (GAXRD) should be carried out the incidence angle
should be chosen as 3° to eliminate the overlap of the substrate peaks with the peaks of
the coatings.[10,11]

According to Henry J. Ramos et al for deposition of ZrN thin films, showed that the ZrN
peak locations from sample to sample of va}rying thickness are consistent with each other
and agree with the data that has been reborted for ZrN films. The relative intensities of
the peaks from this study show some variation from sample fo sample and do not
necessarily match the random powder rel‘ative peak intensities from JCPDS file data. The
reason for this is that there is very likely a preferred orientation of the ZrN grains in the
films compared to random orientation in the JCPDS (2-0956 for ZrN) powder.
Considering the above statement, matching up to two decimals is considered. [12]

The Films prepared by physical vapour deposition (PVD) techniques are, in general,

nonstoichiometric. [13]
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5.B.1 XRD Charactersation of Ti-N thin films

X-ray diffraction (XRD) analysis was performed to study micro structural changes and

new phases formation induced by increasing thickness of TiN thin films.

Fig 5.B.1 (i) shows the diffractograms obtained for TiN thin films of varying thickness

indicating composition, phases and relative intensity at different thickness.
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Pos. FWHM d-spacing Rel. Int. [%]

[°2Th]  [°2Th] [A]

325789  0.4896 2.74627 0.26 2.953
36.1414  0.3060 2.48331 100.00 4.05
434100  0.1428 2.08286 1.96 0.447
44.4270  0.4896 2.03751 0.20 3.06
50.5254  0.3264 1.80495 0.57 4.70
743481  0.2448 1.27483 0.64 7.11
76.8002  0.2856 1.24012 7.12 6.2005
90.2494  0.3264 1.08700 0.71 6.026

(e )4.0 pTiN thin film
5. B.l (i) Diffractograms of Ti-N thin films at different thickness

The above diffratograms.5.B.1 (i) indicates presence of TFN instead of TiN. As stated by

G.L.N. Reddy et al [13], the Films prepared by (PVD) techniques are, in general,

nonstoichiometric .Intense peak of y Fe is obtained in 5. B.1 (i) (a)
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Fig 5. B.1. (ii) Combined XRD spectra of TiN thin film of varying thickness
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The Fig 5. B. 1 (ii) shows combined diffraction patterns of Ti-N at different thickness
(1.5,2.0, 2.5, 3.0 and 4.0 p)Peaks corresponding to the Ti;N and y Fe are observed. All
the peaks corresponding to Ti,N formation showed the greatest intensity and it was
predominant. This means that the phases in the coating did not alter with the coating thickness.
The peak corresponding to y Fe (Peak2 & Peak 3) are from the stainless steel substrate,
the height of Fe diffraction peaks rapidly decreases with the increase of the thickness of
TiN coating, indicating the complete coverage of the coating. At Peak (4) in addition to
Ti,N,small peak corresponding to TiNoy is obtained, therefore composition of the coating
is not purely Ti;N,consequently in all the experimental studies instead of Ti;N,Ti-N is
considered. With the increase in thickness the peak broadening (Peak 5) is observed.
These peak broadening phenomena, in general, result from both diminution of grain size
and residual stress induced in the crystal lattice [12] or may be due to insertion of free N
atoms in the crystals and therefore to a non-uniform lattice distance with spread
interference peaks. [14] Stoichiometric titanium nitride (TiN) is one of the most
important technological coating materials, not only because of its excellent tribological
- properties but also due to a good chemical stability. It is used in a wide range of
- applications, which vary from a protective material for machine parts and cutting tools to
diffusion barriers in semiconductor technology. [15]

Titanium nitride crystallizes in the B1 NaCl structure and exists as a solid solution

containing nitrogen in the range 37.5-50 % at. as shown in figure (fig. 5.B.1.(iii))[16]
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Fig 5. B. 1. (iii) Equilibrium phase diagram of Ti-N binary system

The titanium—nitrogen phase diagram is complex, but basically Ti crystal is said to be an
‘interstitial’ crystal where N atoms fit into the gaps of the Ti structure. This structure
evolves from hexagonal o-Ti, to face-centred-cubic 3TiN, the N atoms being into
_ octahedral sites of the Ti lattice as the amount of nitrogen is increased, the o-Ti lattice is
able to accept small amounts of nitrogen at octahedral sites but since PVD is a
thermociynamically non-equilibrium process, the a-Ti lattice may be forced to accept
more nitrogen atoms. Due to hindered mobility of the deposited particles therefore an
oversaturated metastable solution of nitrogen in titanium is formed for the lower N
contents. [15]Since N, is the reactive gas, its quantity in the deposition chamber is of
major importance. [16,17]

From the Ti-N phase diagram, it is clear that in addition to TiN a second Ti-N phase can
be formed: TizN(s phase). The two phases have different crystal structures: TiN is cubic
(face-centered cubic) and Ti;N is tetragonal. In contrast with the TiN phase, which can be
formed over a rather broad nitrogen concentfation range (at 500°C from less than 30 at.%
N up to 50 at.% N), Ti,N has a well-defined nitrogen concentration of 25 at.%.

From fhis it follows that only for a well-defined Ti/N rati6 can monophasic TiN be
deposited. Therefore PVD of a monophasic TizN coating demands stringent control of the

influx of titanium and nitrogen atoms and ions. |18, 20]
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To further investigate the conditions under which TizN has formed in present case and

considering the results obtained by L.A Roacha[15] for different nitrogen flow and its

effect is considered
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Fig 5. B. 1. (iv) Evolution of the XRD patterns of TiNx films as a function of nitrogen

contents. S corresponds to the diffraction lines of the substrate.

The investigation of TiNx films by [15]deposited by different PVD techniques shows
that increasing nitrogen flows and then the gas pressure during the dei)osition process
leads to gradually higher nitrogen contents in the films. A closer look to the XRD
diffraction patterns reveals the development of the hexagonal a-Ti phase with strong
[002] orientation for low nitrogen contents. (Fig. 5.B.1. (iv))The diffraction peaks are
progressively shifted towards lower diffraction angles as the N content increases. For
nitrogen contents of 20 and 30 at.%, the &- Ti,N phase appears with a [200] orientation.
Furthermore, although it does not seem clearly visible, the 3-TiN phase might be already
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developing. The broad diffraction lines do not allow- concluding unambiguously
concerning the exact nature of the crystalline compounds presént whereas the phase
diagram predicts only the € Ti;N phase as well as the a-Ti but with diffraction peaks
shifted to lower diffraction angles due to nitrogen insertion. With further increasing the
nitrogen contenf, the 6-TiN phasevbecomes dominant. [15, 19]
Hard coatings like TiN normally contain a high degree of internal (usually compressive
in-plane) stress owing to lattice distortion and thermal mismatch effects; it is, therefore,
| difficult to produce single-layer TiN coatings thicker than 6~7 um, high stress values
present in the coatings e.g. stress values up to 10 GPa have been reported for TiN
coatings. When the coating thickness increases the critical compressive stress needed to
delaminate the coating decreases. Lower stresses present in Ti;N coatings, can be
deposited with thicknesses up to tens of micrometres without encountering adheéion

problems on typical substrate materials employed. [18,21,22]
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5.B.2 XRD Charactersation of ZrN thin films
Fig 5. B.2 (i) shows the diffractograms obtained for ZrN thin films of varying thickness

indicating composition, phases and relative intensity at different thickness.
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(c)2.5 u ZrN Thin Film

90.2122  0.1224 1.08736 .
93.6181  0.2448 1.05654 3.51 8.27

(d) 3.0 p ZrN thin film
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Fig. 5. B.2 (i) Diffractograms of ZrN at different thickness

As indicated in Fig 5.B.2 (i),at low thickness (1.5u ZrN)),high intensity peak of yFe is

obtained indicating incomplete coverage of coating. The intensity and grain size of yFe

varies according to thickness. High intensity peak of yFe is observed for 3 p ZrN and

4 p ZrN, however the size is smaller than 1.5 p ZrN. The peak corresponds to 100% in
case of 2 p ZrN and 2.5 p ZrN is at 26=33.33 which shows ZrN (111). Comparatively
less intense peak is observed for 26=39.11 (200) ZrN. Further peaks at 20 = 104.479 &

20= 66.86 corresponds to (420) and (311) planes respectively are obtained. XRD revealed

the variation in grain size of various phases with increase in thickness. [23]
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ZrN(111)
ZrN(200)
yFe
yFe
ZrN(220)
ZrN(311)
yFe
yFe
ZrN(331)
ZrN(420)
Fig 5. B. 2 (ii) Combined XRD spectra of ZrN thin film of varying thickness.
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As indicated in fig 5. B. 2 (ii), the ZrN phase with varying direction is observed. However
maximum number of planes with different orientation is observed in 2 p, 2.5p and 3 p ZrN
thin films. The intense peak of ZrN(l 11) and ZrN(200) is observed in 2 p ZrN and 2.5 p
ZrN. The substrate bias voltage is influence the texture of ZrN - generally the texture
changed from (111) to (220) and (200) with increasing IVbiasl .indicating change in Vbais
during deposition, may have occurred in the present case.Increase in bias voltage increases
residual stress, dislocation density and defect density, crystallographic structure in the
coatings [24-27,33-35]
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In present investigation schiometric ZrN thin films of varying composition is obtained.
However orientation of these planes cannot be obtained. Hence considering the XRD
spectra obtained by V.N Zhitomirsky {27] (fig 5.B.2.(iii)) et al wherein by using the
triple cathode vacuum arc deposition apparatus, substrate sample SO —K25 XRD spectra
of ZiN with differeni: orientation was obtained,substrate temp 400° C and substrate bias of
ov. | |

The XRD show the presence of single distinct peaks at 26=33.96 and 20 =39.35
corresponding to the (1 1 1) and (2 0 0) reflections of ZrN, respectively. [27]
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Fig5B.2 (iDXRD spectrum of Zrl¥ coating on cemented carbide substrate (Ts=400 C

v bais=0v)

In the present case it can be seen that a single phase of ZrN films was formed after
deposition on the substrate .The ZrN films present a preferential crystalline orientation
following the [1 1 1] axis. This (111) texture appears when a critical level of internal
stress is present in the coating since this tends to minimize the stress. [28] ZrN has a
higher negative free energy of formation than TiN, hence ZrN seemed to form itself more
easily than TiN. H. Jiménez, E. Restrepo, A. Devia [29] studied the influence of
substrate temperature (Ts) during the ZrN films growth process on 304 stainless steel
samples, using a repetitive pulsed arc plasma assisted technique, on parameters such as

grain size, micro strain, lattice parameter, crystallite size and morphology. The values of
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the Ts were 50°C, 100°C, 140°C, 170°C, 200°C, 230°C and 260°C.The conditions for
film deposition were vacuum of 10” > mbar, nitrogen as woridng 'gas at a pressure of
3mbar and a voltage of 270V. These researchers suggest that the preferential orientation
is determined by the competition between two thermodynamic parameters, the free
surface energy and the strain energy. They stated that for low thickness, the film presents
a preferential orientation corresponding to the one with the lowest surface energy. This
argument is based on the high quantity‘of broken bonds. When the thickness is increased,
the strain energy begins to increase while the surface energy does not vary with the
thickness of the film. At low substrate deposition temperatures, the mobility of adatoms
on the surface is low and therefore textures, even in thick films, are determined in the
early stages of deposition where nucleation plays the most dominant role in determining
the film structure. Further as mentioned, Walton [29] predicted that low Ts or high rates
of deposition favored the alignment of the material closest to packed planes being then
deposited parallel to the surface. Theref(;re, for the case of F.C.C. materials, (ZtN is
F.C.C) the preferred texture for low substrate deposition temperatures involves (111)
planes being parallel to the surface since the (111) planes are the most densely packed -
planes in F.C.C. C. Mendibide et al[28] also stated that (111) texture appears when a
critical level of internal stress is present in the coating since this orientation tends to
minimize the stress.[28,29]

According to H. Jiménez et al[29] at higher temperature(200° C) the preferential
crystallographic orientation changes from (111) to (200), it appears that the surface
energy is greater than the strain energy, making the total energy of the (200) plane lower
than the one for the (111) plane. [21] _

Also as suggested by J.V Ramana et al [30] with increase in nitrogen partial pressure
ZrN coatings prepared by reactive arc deposition, exhibited anomalous (200) rather than
(111) preferred growth orientation. Thus process parameter like substrate temperature
and nitrogen partial pressure determines the orientation in ZrN thin films. [30]

As indicated by M.M. Larijani et al [31] although (2 0 0) planes are thermodynamically
the most stable planes with the minimum surface energy, the growth parameters and

conditions in ion beam sputtering method privilege dynamically the domination of the
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(1 1 1) plane with faster growth rate, In this case also the preferable orientation is
ZrN(111) instead of ZrN(200) for all the thickness.[31] -

However D.F. Arias, Y.C. Arango, A. Devia preferential direction for ZrN was (2 0 0)
anditisnot (1 1 1). [5]

Z1N thin films were deposited by Cheng-Shi Chen et al{32] on Si(1 00) substrates using a
high purity (99.5%) Zr target by dc magnetron sputtering. Substrate temperature and
substrate bias was varied also Ts was increased to 92, 97 and 117°C for the substrate
biases of V=0, -45 and 50 V, respectively. The elastic modulus was determined from the
load—displacement data obtained by the nanoindentation' using a Berkovich tip. The
elastic modulus is a measure of the stiffness of a material. It is anisotropic in nature and
thus 'sample orientation dependent. The elastic modulus increased rapidly with increasing
the substrate bias from 166.4 GPa at Vb= -45 V to 196.3 GPa at Vb=20 V. As shown in
fig. 5. B. 2. (iii) both (111) and (200) peaks coexist. Intense peak of ZrN (111) is obtained
at 20V whereas as weaker peak is obtained at -45V suggesting that the elastic modulus of
Z1N (111) planes might be larger than ZrN that of (200) planes. Further macro stress at
different bias was derived indicating stress of -0.186, -0.322 and -1.8 GPa for the ZtN
films deposited at Vb= -45, -20,and 20 V, respectively (At +20 V Zr,N is present).Fig
5.B.2.(iii) indicates that coexistence of both ZrN(111) and ZrN(200) contribute to high

macro stress within the coating.
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Fig. 5.B..2.(iv) XRD patterns of the ZrN films deposited on Si at various substrate biases.
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In present studies for 2p ZrN and 2.5p ZrN, peak intensity of ZrN(111) and ZrN(200) is

high indicating high macro stress within the coating.
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5.B.3 XRD charactersation of Zr-Ti- N thin films
Fig 5.B.3 (i) shows the diffractograms obtained for ZrN thin films of varying thickness

indicating composition, phases and relative intensity at different thickness
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Fig.5. B. 3.(i) Diffractograms of ZrTiN at different thickness
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In vacuum arc deposition of nitride coatings, the process parameters, and especially the
ratio of the arc current to the nitrogen pressure determine the composition and the
structure of the coating.[6]Fig 5.B.3 (i) indicates that two separate phases corresponding
to ZrN and Ti2N and ZrNo.3, TiNoz is formed. The peak corresponding to substrate is also
observed.

At low thickness (1.5p ZrTiN)), (5.B.3.(i) (a)) high intensity peak of y Fe is obtained
indicating incomplete coverage of coating. The intensity and grain size of y Fe varies

according to thickness.

Fig 5.B.3.(ii) Combined XRD spectra of ZrTiN thin film of varying thickness.

ZrN(111)
ZrN(200)
yFe

yFe
ZrN(220)
Ti2N

ZrNo.3, TiNos

~N oo B~ W N -

108



On comparing the orientation of various phases in Fig 5.B.3. (ii), for thickness of 2.5
and 3p ZrTiN intense peak corresponding to ZrN(200) is observed. In case of 3 p ZrTiN
peak corresponding ‘to y Fe is less intense than other coatings .As revealed by XRD
intense peak corresponding to Ti;N is obtained in 3 p ZrTiN. The peak corresponding to
formation of Ti;N and ZrNp3,TiNg ; is highest in 3p ZrTiN.

As observed by 1. Grimbérg et al [6]Ti-Zr-N coatings deposited using a triple-cathode
vacuum arc depbsition apparatus and substrate samples were ISO-K25 cemented carbide
bars (5x6%x20 mm), having a composition of 90% WC, 8% Co, 1.8% TaC, and 0.2%
NbC. The coatings were deposited at three different nitrogen pressures —0.67, 1.33 and 2
Pa. The XRD spectra at all three pressures indicate that a (Ti,Zr)N solid solution was
formed. A solid solution of (Ti,Zr)N, with single FCC structure and no evidence of phase
separation, was formed for multicomponent Ti~Zr-N coatings.[33-38]

However in present case we obtained separate phase of ZtN and Ti;N.This may be due
to formation of Ti,N instead of TiN which has tetragonal crystal structure different than
FCC Z1N structure lattice parameter and tetragonal structure .and this does not fulfill the
criteria for formation of solid solutions according to Hume rothery rules.

On comparing the orientation of various phases in Fig 5.B.3.(ii),for all thickness, peak 7
consisting of ZrNg3,TiNp3 correspond to same peak (90.2544) indicating either solid

solution may form or two phases may coexist on same plane.

109



1800 -
- »
- 4
» B
‘ el 8
* “ §
400 s . 13 1685 _ 255 a7 . 45
o = 10 Y 20 = 30 Y40 "7 s0
#% N
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The partial psuedobinary phase diagram, Fig 5.B.3.(iii) plotted by E. Etchessahar et al
[34] taking dilatometric and calorimetric results and concluded that the 8 -(Ti Zr )N
nitride (cubic NaCl type structure) exists in a large nitrogen compositidn range. The
lower limit of this non-stoichiometric nitride is found to be 25.5 at.% N, that is to say
lower than the limit observed for the 8 ZrN nitride (35 at.%). No subnitride was found in
this pseudo binary (TipsZros FN diagram.[34] Hence in this case ZrNg3,TiNg3 must

have formed solid solution.
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5. C Corrosion Behaviour Thin Films in Various Environment
The corrosion behaviour of the coating-substrate systems can be characterized by current

density-potential measurement [39].Electrochemical experiments proved to be good test

for studying the resistance and compactness of coatings. [40]

5.C.1 CORROSION BEHAVIOUR OF Ti-N THIN FILMS

5. C1. (a) Corrosion Behaviour of Ti-N in 1IN 1NH,SO4

The corrosion behaviour of Ti-N coatings of varying thickness  was measured by

potentiodynamic corrosion tests in 1N H,SO, solution.
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Fig 5.C.1.(a)(P) Potentiodynamic corrosion test of S.S substrate & Ti-N thin
films of varying thickness in 1IN H,SO4

1IN H,S0;4 Ecorr (mV) Tcorr (p.tAlcm2 ) | Protective effiéiency,
P (%)
S.S -408 31.05 mA/cm”
1.5u TiN -422.2 696.7 97.75
2u TiN -421.4 1.540 - 99.99
2.5u TiN -427.3 454.8 98.54
3u TiN -417.6 123.2 99.61
4u TIN -420.6 102.0 99.68

Table C.1.(a) Values of corrosion potential (Ecorr) corrosion current density
(Icorr) and protective efficiency for all Ti-N specimens in 1N HySO4
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Fig 5.C.1.(a)(B) Electrochemical impedence diagram of Ti-N thin films of
varying thickness in 1IN H2SO4

The Tafel plots obtained for steel substrate and Ti-N coating of varying thickness in

IN H;S0; shown in fig 5.C.1.(a)(P) the electrochemical parameters (corrosion current,
corrosion potential and % porosity) calculated from polarization curves are summarized
in Table C.1. (a)

The corrosion potential of the steel substrate is about —0.408 V. Each sample’s open
circuit potential is approximately in the same position. The corrosion potential (Ecorr) of
the coated specimens are only slightly away from that of stainless steel, within 25 mV,
which indicates that the corrosion of the Ti-N coated-specimens are mainly from the
dissolution of the metal substrate and not from the Ti-N film. Since corrosion potential is
a thermodynamic property of the substrate material the variation of Ecorr is not supposed
to be far away from that of bare steel. [41, 42]

The corrosion current density (icorr) is an important parameter to evaluate the kinetics of
corrosion reactions and is normally proportional to the corrosion current density
measured via polarization. The lower the icorr, the lower corrosion rate the s;ample
has.[43] In the above test the icorr value obtained is always less than bare Stainless steel
substrate indicating protection to the substrate. Lowest icorr and hence highest corrosion

resistance is observed in 2 Ti-N thin films. During the anodic scan, the passive currents

are reduced in the case all Ti-N coatings (Fig 5.C.1.(a)(P)) indicating the good protection
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-efficiency of the coating not only in the corrosion potential domain but also in the
passivity potential domain. [44] All the coating exhibit “passive like” behaviour. It is
well known that the corrosion resistance of materials or coatings has a close relationship
to their: passivity maintaining low current densities in the polarization curves. The
smaller the passivity density in the passive range, the better the corrosion resistance.
Passivity maintaining current density is a current density at which it remains stable as the
electric potential increases within a certain potential zone. It is evident that, from the
polarization response of Ti-N, from —400mV to +400mV passivity is maintained. [45]

As suggested by Fengqun Lang et al the polarization response of TilN thin film, with the
thickness range 6-30 p successfully deposited on A3 steel by arc ion plating AIP at a
lower temperature in 1IN H,SO, from —0.6 to 1.3 V, features several sequential processes,
including a cathode evolution of Hj, passivation due to TiN, slow dissolution of the
macro particles existing in the area near the surface of TiN coating, and a mild
dissolution of TiN coating.[2] However this sequence may or may not occur in this
coatings, since the composition is Ti;N for all thickness as indicated in XRD (Fig.
5.B.1(ii)) instead of TiN. The results of XRD Fig. 5.B.1(i) shows presence of Ti, N
instead of TiN as indicated by Roacha et al films are characterized by columnar growth
and films containing nitrogen in excess seems to present denser structures than the
stoichiometric film. Further the amount of pitting is strongly influenced by the amount of
nifrogen in the film, or, in other words, appears to be proportional to the icorr, hence in |
present case, with under schiometric thin film, the corrosion behavi_our seems to be
inferior than conventional TiN coating.[15]However further results are to be confirmed
by carrying out Polarisation tests with schiometric TiN thin films and in same test
conditions.

As shown in the figure 5.C.1.(a)(P), polarization curves in passivation area have a
horizontal peak for 1.5, 2.0 and 2.5u Ti-N. Existence of this peak is related to the
formation of secondary phase such as yFe (revealed by XRD Fig. 5.B.1(ii)) for which the
corrosion current is higher than matrix phase. When more than one metallic phase is
present in alloy, its polarization behavior will be the volume average sum of the behavior
of each phase that leads to the presence of the horizontal peak in the passive region. [46]

The width of this peak can indicate the activity or amount of secondary phase in matrix.
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The intensity of peak corresponding to yFe is highest in case of XRD of 1.5 p Ti-N (Fig
5.B.1. (i) (a))hence the width of horizontal peak in Fig 5.C.1.(a)(P) is maximum for
1.5pTi-N.

EIS gives information regarding corrosion potential and polarization resistance during the
immersion of a system in a corrosive medium and hence ongoing corrosion reaction
processes as well as additional information about the. coating/solution interface and
substrate/solution interface.[47]

The Bode plot 5.C.1.(a)(B) for the coated alloy before defect formation has three
distinguishable time-dependent processes. The time constant at high ffequencies is
related to the capacitive response of the film. The resistive plateau at 10°-10°Hz
represents the pore resistance of film. The relaxation process at about 1-10 Hz is
attributed to the capacitance of the intermediate oxide layer present at the metal/coating
interface. The resistance of such interlayer, which is situated at lower frequencies, is very
important from the corrosion protection standpoint, since it is the last barrier for the
corrosive species before reaching the metal surface. The third time constant is weakly
defined at lowest frequencies and is related to the corrosion activity. In the
fig.5.C.1.(a)(B), at high frequency the impedence value of coating of all thickness is
same, indicating same capacitive response of all coatings. However at low frequency
there is variation in impedance value. The highest impedance value is observed for

3p Ti-N and there is decrease in the impedance for lower thickness at low frequencies.
[48] |

A higher impedance values when compared uncoated sample is evidence of superior
corrosion resistance. A fast drop of impedance at low frequencies is observed in 2 Ti-N
compared to 3p Ti-N and is related to the breakdown of the film and the corrosion
activitS/ started on the naked metal surface.

In the low and middle frequency ranges, the Bode impedance diagram (5.C.1.(a)(B)) for
coated samples display a linear slope of about -1 as frequency decreases. This is the
characteristic response of a capacitive behaviour (high corrosion resistance) of a compact
passive film, observed over nearly the whole measurement frequency range for Ti-N
films of all thickness. Similar behaviour was observed for Ti and Ti rich layers by E.
Ariza and L.A. Rocha et al. [49] '
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SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 1N H,SO,

()1.5n TiN 100X ((i)1.5 o TiN 300X (iii) 1.5 p TiN 1000X

Fig 5.C1(a)(S) (I)

X

S JP e R

() 2 1 TIN 100X (ii)2 p TiN 300X (iii)2 p TiN 1000X

Fig 5.C1(a)S) ()

Fig 5.C.1.(a)(S) Typiéal SEM morphologies of the (I) 1.5 p Ti-N and (I)2.0 p Ti-N

coating which had been subjected to the anodic polarization tests 1IN H,SOj4 solution
As displayed in SEM micrograph of Ti-N (Fig 5.A.1(i)) large number of coarse

macroparticles is observed in 1.5p Ti-N coating. When 1.5pu Ti-N coating is subjected to

corrosion in 1N H,SO4 solution, as observed in fig 5.C.1. (a}(S)(I) no clear corrosion pit
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was found on the surface of the 1.5 p Ti-N coating and there were only traces of the
macroparticles after they peeled off from the TiN coating. However, from

fig. 5.C.1.(a)(S) (1) a large number of quite large corrosion pits in the Ti-N coating of

2 p thickness were observed. The decrease of the corrbsion resistance of the TiN coaﬁng
of 2 p, compared with the Ti-N coatings 'of 1.5 p may be due to the increased total
number of the defects in the Ti-N coating. [2]

As experimented by L.A. Rocha et al [15] TiN Coating of varying nitrogen content were
deposited on steel substrate. In their studies they concluded that coating thickness by
itseli:’ is unable to explain the corrosion behaviour of the films. The graph shown therein
reveals that films presenting the noblest behaviour (for 50, 52 and 55 at. % N) was the
thinner ones. Therefore, microstructure is likely to play an important role on the
definition of the corrosion behaviour of the films.

In 2p Ti-N coating a spherical depressed pits at the center is observed at high
magnification for Fig 5.C.1.(a)(S)(II)(iii).The coating has a pinhole and the cracked skin
is seen in the surroundings. These pinholes and cracks could provide a direct path for the
corrosive medium entering the substrate, leading to total destruction of the coating on the
surface. In addition, various tiny pits are also observed on the Ti-N surface. Similar
morphology of the corroded TiN coating was observed by VK William et al [50]
Hong Liang et al observed SEM photomicrograph of the surface morphology of the Ti,
Fe, C. film after pitting corrosion. As the Ti, Fe, C. film was not textured; the corrosion
rates in different directions are identical. Consequently pits were of circular shape. In this
case also for 2p Ti-N circular pit is observed indicating that Ti-N thin film is not textured.
Delamination of coatings near the pit was observed [51] )

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM. -
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Fig 5.C.1.(a)(E)The EDX analysis of 1.5p Ti-N thin film subjected to potentiodynamic

test in IN H,SO4

The Fig 5.C.1.(a)(E) indicates the large peak of Ti, and small peaks of Fe, ,Mn. indicating

less intense corrosive attack. The coating system shows few very small and shallow pits.
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5. C.1. (b) Corrosion Behaviour of Ti-N in 3.5%NaCl
The corrosion behaviour of Ti-N coatings of varying thickness was measured by

potentiodynamic corrosion tests in 3.5% NaCl solution.
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Fig 5.C.1.(b)(P) Potentiodynamic corrosion test of S.S substrate & Ti-N thin
films of varying thickness in 3.5%NaCl

- 3.5%NacCl Ewrr (mV) | Lo (pLAjcmz) Protective efficiency, %P;
Substrate S.S | -446.9 101.9
1.5u TiN -658.0 94.38 7.37
2.0p TiN -640.0 56.13 45
.2.5u TiN -677.4 81.22 20.3
3.0n TiN -487.3 20.35 80
4.0u TiN -614.6 95.33 6.5

Table C.1.(b) Values of corrosion potential (Ecorr) corrosion current
density (Icorr) and protective efficiency for all Ti-N specimens in 3.5%NaCl
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Fig 5.C.1.(b)(B) Electrochemical impedence diagram of Ti-N thin films of

varying thickness in 3.5%NaCl
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The Tafel plots obtained for steel substrate and Ti-N coating of varying thickness in
3.5%NaCl are shown in Fig 5.C.1.(b)(P) The electrochemical parameters (corrosion
current, corrosion potential and % porosity ) calculated from polarization curves are
summarized in Table C.1.(b).

The corrosion potential of the steel substrate is about —0.449 V. Large variation in Ecorr
of substrate & coatings is observed. The corrosion potential of coated sample is at lower
value than Ecorr of the steel without a coating because the thin coating, having a high
porosity, causes an electrochemical heterogeneity of the surface contacting the
electrolyte. This heterogeneity is the reason for physico:chemical instability of the
substrate coating system in an aggressive environment. [52]

The corrosion current density is used as an important parameter to evaluate the kinetics of
corrosion reactions. Corrosion protection is normally inversely proportional to the
corrosion current density (jo) measured via polarization. In this case, where PVD
coatings are chemically not reactive, the corrosion current density indicates pores in the
. coatings, where the electrochemical reaction of the substrate takes place. Although Ecorr
value is high the icorr for coatings of all the thickness is lower than substrate.[11]
indicating corrosion protection of substrate. Lowest icorr and hence highest corrosion
resistance was observed in 3 Ti-N thin films.

All the coating except 3.0p and 4.0 p Ti-N did not performed better than uncoated
samples. Film thickness is an effective barrier against the diffusion of the corrosive
environment. As the coatings grow thicker, the chance of having the pinholes that
directly connect the atmosphere and the substrate is lowered. [53]As per Fig 5.C1.(b) (P),
the 3 p TiN coating exhibitéd passivation characteristics at suitable anodic potentials
(200mV) and showed the most positive breakdown potential, the widest passive region
and the smallest minimum passive current density (ipass). All the coatings showed some
passive character at a certain anodic potentials, but the breakdown potential was lower
and the minimum passive current density was larger than that of the 3 p Ti-N coating
Although Ecorr of all the coatings is higher, than uncoated sample - may be due to large
amount of porosity as indicated in table and consequently galvanic corrosion between the

stainless steel and TiN coating, icorr is always lower than uncoated sample. Similar
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behaviour was observed by T. Savisalo et al where they used duplex nitriding-PVD
CrN/NDBN super lattice coating in 3%NaCl system [54]

The icorr and hence porosity of coating, generally decreases with ‘increase in the
thickness but at the same time strains increase, causing the peeling off of the film from
the substrate. So, the effectiveness of the corrosion protectiveness by a Ti-N coating is
determined by its continuity and its good adhesion to the substrate. The latter depends on
the production conditions. [52] ‘

Ti-N coating for all the thickness showed poor corrosion resistance in 3.5%NaCl and the
protective properties were completely lost above 200 mV, as indicated by the high
current densities recorded and displayed in Fig 5.C.1.(b)(P). Similar behaviour for TiN
coating was observed by M. Herranen et al deposited by triode ion plating with high
plasma density in a Balzers BAI 640R equipment steel on ASP2030. However, direct
comparison cannot be made as film deposition technique, composition, thickness and
substrate was different and the testing was done in 0.05 M H,SO4 [55]

The Figures 5.C.1.(b}B) show representative electrochemical impedance diagrams
obtained in Ti-N thin films of varying thickness in 3.5 % NaCl. As it can be seen,

3w Ti-N has the higher impedance values when compared with the Ti-N of different
thickness. At high-frequency the process is related to the coating/ solution interface
and represents the dielectric characteristic of the PVD coating, whereas the low-
frequency process is associated with the substrate/solution interface and represents the
corrosion process with the stainless steel in the pores. At high frequency the impedence
value of 1.5p and 2 p Ti-N coating is of two orders lower than 3 p Ti-N. At the low
frequency, the peak height of 1.5p anci 2p Ti-N decreases and it is found less than even
stainless steel substrate. This is indicative of large number of pores in the coatings and
aggressive nature of chloride ion in NaCl solution. [48]

SEM studies were carried out to determine morphology of coating after typical anodic
polarization tests 3.5%NaCl
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Fig 5.C.1.(b)(S) Typical SEM morphologies of the 2.0 pu TiN coating s which had been

subjected to the anodic polarization tests 3.5%NaCl at different magnification.

The SEM micrograph Fig 5.C.1.(b)(S) indicates that the extent of pitting observed in
2u Ti-N in 3.5%NaCl was low. At low magnification (Fig 5.C.1.(b)(S)(a & b)) it appears
asa generai uniform corrosion, however at high magnification (Fig 5.C.1.(b)(S)(e)) small

pits were observed.

The EDX analysis for carried out for compositional analysis on the surface of coating

after potentiodynamic test in 3.5% NaCl .

. 121




Spechumd

4
ull Scale 386 cts Cursor: 0.000 ke keV|

Fig 5.C.1.(b}(E) EDX profile of 2u TiN in 3.5%NaCl

The EDX analyéis for carried out for compositional analysis on the surface of coating
after potentiodynamic test in 3.5% NaCl. The EDX analysis Fig 5.C.1.(b)(E) indicates
the intense peak of Ti and large peaks of Fe, Mn. The coating system shows few very
small and shallow pits of other constituents.

Surface images and chemical analysis of 2u Ti-N coated alloys after corrosion tests were
given in Fig 5.C.1.(bj(E). When the SEM image was examined, it was seen that the
coating layer was broken from the substratq as large pieces, causing removal of the larger
pieces. The formation of the coating defécts is very much difficult to avoid totally.
Consequently, when subjected to a corrosive atmosphere, coated materials will form
galvanic cells at the defects near the interface since ceramic coatings are
electrochemically more stable than most substrate materials, once aggressive ions such as
chloride penetrate the coating through these small channels, driven by capillary forces,
the exposed area will begin to experience aﬂodic dissolution, which will usually extend
laterally along the interface between the coating and the substrate. Finally the pits formed
linked up each other, causing removal of the entire coating by flaking. [56, 66, 67]
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5. C.1. (¢) Corrosion Behaviour of Ti-N in 0.1N HCI
The corrosion behaviour of Ti-N coatings of varying thickness was measured by

potentiodynamic corrosion tests in 0.1N HCl solution.
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0INHCl | Ecorr (mV) | Teorr (uA/em® | Protective efficiency, P; (%)
S.S -460.6 1.827 mA/cm®
1.5p TiN 3915 | 17.93 99.01
2.0u TiN -450.4 27.79 ) 98.48
- 2.5u TiN -439.1  29.67 98.38
3.0n TiN -392.0 18.51 98.99
40p TiN -433 .4 19.16 98.96

Table C.1.(c) Values of corrosion potential (Ecorr) corrosion current density (Icorr)
and protective efficiency for all Ti-N specimens in 0.IN HCIL.
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The Tafel plots obtained for steel substrate, and Ti-N coating of varying thickness in
0.IN HCl are shown in Fig 5.C.1.(c)(P). The electrochemical parameters (corrosion
current, corrosion potential and % porosity) calculated from polarization curves are
summarized in Table C.1.(c) ,

The corrosion potential of the steel substrate is about ~0.460 V. The comparison between
the corrosion potential E,,,, for coated and uncoated steel (Table C.1.(c)) revealed that
with coated steel, the corrosion potential is nobler than the uncoated steel. This means
that the Ti-N coatings shifts the corrosion potential to more positive potential values and
consequently protects 316 SS from corrosion to a different extent. In acid solution, rapid
corrgsion of steel coated with Ti-N takes place at pores and pinholes in the coating
substrate are easily passivated. [55]

As already mentioned, the lower the icorr, the lower corrosion rate the sample is. In Fig
5.C.1.(c)(P), all the coated samples, the icorr is two or three orders of magnitude lower
than that of the substrate, reV;eaIing an improved corrosion resistance of the film. From
the corresponding curve, the anodic current density for 2 p  Ti-N and 4 p Ti-N changes a
little with potential increasing from -200 mV to the breakthrough potential +150 mV. In
this interval, the passive layer protects specimen surface from dissolving. While, anodic
current density increases dramatically with potential over.QOO mV, probably due to a
pitting corrosion mechanism initiated at the local defects of the film.[43]The formation of
pit can be further confirmed by considering the curve in cathodic region. In cathodic
polarization one can see that the coated samples starts at a current lower than the
stainless steel, but near the corrosion potential the coated sample current increases until it
becomes almost equal to that of stainless steel . This phenomenon can be explained by
pitting of the coatings at defect sites. [S7]

In the anodic region the current density of all the coatings is higher than the substrate.
The corrosion current density is often used as an important parameter to evaluate the
kinetics of corrosion reactions. Corrosion protection is normally inversely proportional to
the corrosion current density (fo) measured via polarization.[47] In this case, where
PVD coatings are chemically not reactive, the corrosion current density indicates pores in

the coatings, where the electrochemical reaction of the substrate takes place. Although
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icorr value is low, the current in anodic region for all the thickness is higher than
Stainless steel.( Fig 5.C.1.(c)(P))

Corrosion behavior under open-circuit condition was investigated in more detail using
EIS. Technique Two relaxation processes are associated with the EIS response: the high-
frequency relaxation process is related to the coating/ solution interface and represents
the dielectric characteristic of the PVD coating, whereas the low-frequency process is
associated with the substrate/solution interface and represents the corrosion process with
the stainless -steel in the pores. In Fig 5.C.1.(b)(B) high impedence at high frequency of
all the coatings indicates that the capacitive property of film is good, however in the
lower frequency range the disturbance is observed in impedance value this may be due to
the fact that the coating may not be able to resist the penetration of chloride ion through
pores till the substrate.[47]In frequency range of 1 Hz to 0.1Hz the difference in
impedence value of 3 p Ti-N and uncoated substrate is of two order of magnitude. The
sequence of corrosion resistance is in agreement with that obtained from

Potentiodynamic polarization measurements.

Compositional analysis of the surface after potentiodynamic test was investigated using
EDX attached to SEM
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Fig 5.C.1.(c)(E)The EDX analysis of 2y Ti-N thin film subj ected to potentiodynamic test
in0.1 NHCI.

The EDX analysis Fig 5.C.1.(c) (E) indicates large number of corrosion pits in the

2u Ti-N coating was observed. Although intense peak of Ti is observed, localized attack
as pitting might have occurred. This indicates that the 2 p Ti-N coating of is too thin to
inhibit the aggressive action of corrosion media with the presence of physical defects

running through the Ti-N coating
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5. C 1 (d) Corrosion Behaviour of Ti-N in 11pH Na,SO4
The corrosion behaviour of Ti-N coatings of varying thickness was measured by

. potentiodynamic corrosion tests in 1 1pH Na;SO4 solution.
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Fig 5.C.1. (d)(P) Potentmdynamlc corrosion test of S.S substrate & Ti-N
thin films of varying thickness in 11pH Na;SO;

11pH Na;SO4 | Ecorr (mV) | Teonr (pA/cm) Protective efficiency, P;
(%)

S.S | -725.6 30.99

1.5u TiN -791.4 34,97

2.0u TIN -750.8 41.05

2.5n TiN -484.9 ‘ 11.12 64.11

3.0u TiN -367.5 2.536 91.81

40 TIN -694 .4 13.19 57.43

Table C.1.(d) Values of corrosion potential (Ecorr) corrosion current density
and protective efficiency for all TluNs pecimens. 11 pH Na;S04
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The Tafel piofs obtained for steel substrate and Ti-N coating of varying thickness in
1 1pH Na,SOy4 are shown in Fig 5.C.1.(d)(P). The electrochemical parameters (corrosion
-current, corrosion potential and % porosity) calculated from polarization curves are
summarized in Table C.1. (d). ‘
The corrosion potential of the steel substrate is about —0.725 V. The comparison between
the corrosion potential £, for coated and uncoated steel (Table C 1 (d)) ;'evealed that
with 2.5u Ti-N,3 p Ti-N and 4 p Ti-N coated steel, the corrosion potential is nobler than
the uncoated steel . This means that the Ti-N coatings shifts the corrosion potential to
more positive potential values and consequently protects 316 SS from corrosion to a
different extent where as Ecorr for 1.5 p Ti-N and 2 p Ti-N is slightly higher than
substrate, correspondingly icorr is also higher than S.S. this may be because of strong
increase in through pin hole defect density for thin coatings.
As the film grows thicker, there is a lesser likelihood for the film to have pinholes
interconnecting with one another from the top surface to the bottom surface adjacent to
the underlying metal that needs protection. As a result, the corroding medium would
encounter more resistance during its penetration or diffusion through the film to the metal
substrate. [44,45,49,53,58]The 2.5,3.0 and 4.0p Ti-N coatings exhibit passive like
behaviour i.e. less increase in current with increase in potential. Oscillations are observed
for 4p Ti-N in -700mV to +100mV indicating region of incoxﬁplete passivity. [2]
According to Bode’s plot, Fig 5.C.1.(b)[B) the difference in impedence value of all the
coatings at high frequency is less and at low frequency the difference is of one order
magnitude. Discontinuity is observed in middle frequency range indicating pore

resistance of film to the penetration of sulphate ions in alkaline environment is poor.

Compositional analysis of the surface after corrosion was investigated using EDX
attached to SEM
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Fig 5. C 1(d) (E) The EDX analysis of 2u Ti-N thin film subjected to potentiodynamic
test in 11pH Na;SO4

The Fig 5.C.1.(d)(E) indicates intense peak of Ti and Nitrogen and very small peak of

Fe, Mn indicating that coating is intact.

General discussion on Behaviour of Ti-N thin Film in different Enviornment
The main limitation of ceramic coatings (deposited by Cathode arc evaporation

technique) for improving the corrosion resistance of stainless steel is the presence of
structural defects in the films. These defects permit the electrolyte to reach the substrate,
accelerating the corrosion rate. Imperfections in the coatings and imperfections in the

substrate surface can both generate these defects [57]
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The formation of pinholes in PVD coated thin films is nearly impossible to avoid. This is
due to the fact that the coated surfaces are always non-uniform and because the coating
tends to start to grow in a non-uniform manner. Various growth models have been
developed to describe the growth process. A general feature of these is that, after the
original nucleation stage, the growth takes place in isolated islands which then grow
together, after leaving voids between. them. The general growth morphology of the
coatiflgs is typically columnar. Although various techniques can be used to minimize the
number of pinholes, they cannot usually be totally eliminated. They occur commonly in
all kinds of coatings and on all kinds of substrates [40]

Transition metal nitrides are inert to the chemical attacks. However, the PVD coatings
contain cracks, ;pinholes and pores, which allow the corrosive media to enter the
substrate, thus degrading the corrosion behavior of the coating/substrate System [46]. In
spite of their excellent mechanical and tribological properties, their corrosion resistance
has always been conditioned by the presence of structural defects such as pores, pinholes
and cracks that appear during application. [58, 59] .

The effect of the TiN porosity varies in the different solutions and depends on the
electrochemical behaviour of the substrate in those solutions [60]

As mentioned by W Precht et al with the percentage increase in porosity, the corrosion
protection decreased. [50,61] K. A Pischow et al mentioned that the corrosion
performance of PVD TiN coatings is strongly affected by porosity, which can cause local
and rapid corrosion of the base metal. Aromaa et al have used corrosion current to
calculate porosity during investigations of three commercial TiN coating but concluded
that it seems to be difficult to find any simple correlation between porosity and corrosion
behaviour. [62] |

As suggested by Guosong Wu et al for electron beam deposited metal oxide TiO, or
AlLOs thin films on AZ31 magnesium alloy, porosity in their calculation was higher than
the expected value. In fact, small structural defects e.g. pinholes, pores, or cracks, are
inevitable in coatings. Every defect allows corrosion medium to contact substrate surface
and leads to formation of a galvanic cell and pitting corrosion starts. With increasing time
the domain of defects will be enlarged and the quantity will be also increased. Due to the

high chemical reactivity of magnesium, the speed of galvanic reaction in the defect is
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especially high. In order to eliminate the influence of the factor as above, Konyashin
suggested that the high scan rate should be chosen and used the rate of 20 mV /sec in
their experiment. [63] Compared with their study, the rate used in this study is much
lower. Therefore, the data calculated by the formula used does not exactly represent the
porosity of the initial surface. Thus the effect of the scan rate on the porosity
measurement of TiN thin films is to be considered.

Hard coatings like TiN normally contain a high degree of internal (usually compressive
in-plane) stress owing fo lattice distortion and thermal mismatch effects; it is, therefore,
difficult to produce single-layer TiN coatings thicker than 67 |, without encountering
adhesion problems on typical substrate materials employed. [21]

Since hydrogen evolution takes place during scan at iron surface in pores the coating
~ substrate adhesion plays important role in potentiodynamic test.[69].In present
investigation the XRD results indicates the presence of Ti,N instead of TiN for all the
thickness of coating. As stated by C. Quaeyhaegens et al due to the remarkably lower
stresses present in Ti;N coatings, they can be deposited with thicknesses up to tens of
micrometers. [18] '

As stated by Ellina Lunarska et al [64], it could be concluded that chloride ions are more
aggressive than sulfate ions for stainless steel. It can be said that the presence of chloride
ions in the solution affects the passivity of stainless steel substrate more negatively than
that of sulfate ions

The general shape of the potentiodynamic curves in the presence of CI ions (3.5%NaCl
& 0.IN HCl) is characterized for localized corrosion and breakdown of passivity. It is
well known that CI” ions are aggressive enough to attack steel and initiate pitting. The
passivity domains became shorter in acidic solution in comparison with that in sulphate
solution .The effect of chloride ion is more aggressive in HCl compared to NaCl as the
bonding in HCI is ionic and hence even when small pbtehtial is applied, its dissociation
occurs ‘whereas that in case of NaCl bonding is covalent resulting in better stability.
However evolution of hydrogen decreases the in homogeneity in the corrosion behaviour
depicted by difference in Ecorr values of coating and substrate in 3.5% NaCl,

_11pH ‘Nazso‘; and 0.1N HCl and IN H,S80,.[44]
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5. C.1.P Potentiodynamic behaviour of Ti-N thin film in various environment
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Fig 5.C.1.P (a,b,c,d) potentiodynamic Corrosion behaviour of Ti-N thin film in various

environment,

As indicated in diagram 5.C.1.P (a,b,c,d),good corrosion protection is observed in case of

_sulphate containing ions than chloride ions. The current value in anodic region for all the
thickness is higher in 0.IN HCI than 3.5% NaCl. Potentiodynamic curve indicates that

chances of pitting corrosion is more in 0.1N HCI than 3.5%NaCl solution.
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5.C.1.B Electrochemical impedence behavior of Ti-N thin films in various enviornment
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Fig 5. C.1.B (a,b,c,d) Impedence behaviour of Ti-N thin film in various environment

The impedence diagram indicates that in case of 0.1N HCI disturbance is observed in

impedence Vs frequency curve Fig 5. C.1.B (c) indicative of pitting corrosion, where as

in case of

11pH Na,SO4 it may be due to incomplete passivity of coating Fig 5.

C.1.B(d).At high frequency, difference in impedence is less for Fig 5. C.1.B (c)( 0.IN
HCI) and Fig 5. C.1.B (d) (11pH Na,SO,) indicating similar capacitive response of all

thickness.
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5. C.2 CORROSION BEHAVIOUR OF ZrN IN VARIOUS ENVIORNMENT
5. C2 (a) Corrosion Behaviour of ZrN in 1INH,S0,
The corrosion behaviour of ZrN coatings of varying thickness was measured by

potentiodynamic corrosion tests in IN H,SOj solution.
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Fig 5.C.2.(a)(P) Potentiodynamic corrosion test of S.S substrate &ZrN thin ﬁlms of
varying thickness1N H,S0O4 solution

INH2804 | Ecorr. (mV) | Lor(nA/em®) | Protective efficiency, P; (%)
S.S -408 31.05 mA/em” |
1.5u ZIN -427.4 3.768 mA/em” 88%
2.0n ZIN -429.0 68.23 mA/cm” B
250 ZIN -396.0 52.84 99.82
3.0p ZtN -422.1 145.1 99.54
4.0u ZIN -442.1 1.767 mA/em” 94.4

Table C.2.(a) Values of corrosion potential (Ecorr) corrosion current density (Icorr) and
protective efficiency for all ZrN specimens. IN H,SO, solution
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Fig 5.C.2.(a)(B) Electrochemical impedence diagram of ZrN thin films of varying
thickness 1N H2SOy4 solution
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The Tafel plots obtained for steel substrate, and ZrN coating of varying thickness in

IN H,SO4 are shown in Fig 5.C.2.(a)(P) . The electrochemical parameters (corrosion
current and corrosion potential and % porosity) calculated from polarization curves are
summarized in Table C.2.(a).

The corrosion potential of the steel substrate is about ~0.408 V. Each sample’s open
circuit potential is approximately in the same position. The corrosion potentials (Ecorr) of
the coated specimens are only slightly away from that of stainless steel, within 25 mV,
which indicates that the corrosion of the ZrN coated-specimens are mainly from the
dissolution of the metal substrate and not from the ZrN film. Since corrosion potential is
a thermodynamic property of the substrate material the variation of Ecorr is not supposed
to be far away from that of bare steel. [41, 42]

The corrosion current density (icorr) is an important parameter to evaluate the kinetics of
corrosion rezilctions, normally proportional to the corrosion current density measured via
polarization. The lower the icorr, the lower corrosion rate the sample is. In the present
test the icorr value obtained is always less than bare Stainless steel substrate [43]except
for 2p ZrN may be due to high internal stresses within the coating.

The Bode plot Fig 5.C.2.(a)(B) for the coated alloy before defect formation has three
distinguishable time-dependent processes. The time constant at high frequencies is
related to the cépacitive response of the film. The resistive plateau at 10°-10°Hz
represents the pore resistance of film. The relaxation process at about 1-10 Hz is
attributed to the capacitance of the intermediate oxide layer present at the metal/coating
interface. The resistance of interlayer, which is situated at lower frequencies, is' very
important from the corrosion protection standpoint, since it is the last barrier for the
cbrrosive species before reaching the metal surface. The third time constant is weakly
defined at lowest frequencies and is related to the corrosion activity. The- difference in
impedence of two orders is observed in case of uncoated and 4 p ZrN thin film at high
frequency and at low frequency indicating good capacitive and resistive property of
films. [48]
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A higher impedance values when compared uncoated sample is evidence of superior
corrosion resistaﬂce. A fast drop of impedance at low and high frequencies is observed in
2.5 p ZrN compared to 4 p ZrN and 2.5 p ZrN and 1.5 p ZrN indicating decrease in
protective properties of coating with decrease in thickness. [53]

In the low and middle frequency ranges, the Bode impedance diagram Fig 5.C.2.(a)B)
for coated samples display a linear slope of about -1 as frequency decreases. This is the
characteristic response of a capacitive behaviour (high corrosion resistance) of a compact
passive film, observed over nearly the whole measurement frequency range for ZrN.
Similar behavior was observed for Ti and Ti rich layers by E. Arizalet al [48]

As indicated in Fig 5.C.2.(a)(P),4p ZrN coating did not exhibit the best corrosion
resistance although it had largest impedance shown in Fig 5.C.2.(a)(B). According to
the phenomenon in the experiment, it can be explained that the coating was severely
attacked under the increasing potential. Similar behavior was observed by Guosong Wu
et al [63] for electron beam evaporatioh ui)per metal oxide thin ﬁlfns on AZ31

magnesiﬁm alloy with TiO, or AL, O; as donors.

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM.
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Fig 5.C.2.(a)(E)The EDX analysis of 2 ZrN (I) corroded sample and (II)small region in
corroded sample in 1N H,SO4

The SEM and EDX analysis Fig 5.C.2.(a)(E) (I) shows large number of corrosion pits
in the 2p ZrN coating This indicates that the 2u ZrN coating is too thin to inhibit the
aggressive action of corrosion media with the presence of physical defects running
through the coating. The intense and small peaks of Fe and Mn are observed.
As seen in SEM micrograph in Fig 5.C.2.(a)(E) (II) after potentiodynamic test some
micro-cracks were formed and complete removal of coating in certain region have
_occurred. PVD coatings are always under the compressive residual stress. The thermal
_ expansion coefficient of ZrN is 7.24X10°® while that for S.Sis 10.4X10°® This difference
in thermal expansion might give rise to compressive stresses in the films when samples
are cooled down after deposition. Under the synergetic effect of compressive residual
stresses and thermal stresses cracks are formed on 2pu ZrN coating when subjected to

potentiodynamic test. Hovsepian et al. notified that the deposition of PVD coatings nearly
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always results in generating compressive stress state in the coatings and stress-corrosion

cracking will be promoted in an aggressive environment, resulting in severe corrosion
failure. As indicated in XRD diagram 5.B.2.(i) (b) for 2u ZrN coexistence of both
ZiN(111) and ZrN(200) contribute to high macro stress within the coating, .The present

potentiodynamic test supports the above result.[60,65]

5. C.2 (b) Corrosion Behaviour of ZrN in 3.5%NaCl

The corrosion behaviour of ZrN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 3.5%NaCl solution.
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Fig 5.C.2.(b)}(P) Potentiodynamic corrosion test of S.S substrate &ZrN thin films
of varying thickness 3.5%NaCl solution

3.5%NaCl | Eye (mV) Yeorr (}LA/cmz) Protective efficiency, P;

(%)

S.S -446.9 101.9
1.5u ZrN -585.9 50.27 51,
2.0u ZrN -545.6 6.366 93.75
2.5n ZriN -397.8 97.21 5.00

- 3.0p ZIN -502.8 158.9
40 ZiIN -492.3 67.73 33.6

Table C.2.(b) Values of corrosion potential (Ecorr) corrosion current density
(Icorr) and protective efficiency for all ZrN specimens. 3.5%NaCl solution
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Fig 5.C.2.(b)(B) Electrochemical impedence dlagram of ZrN thin films of varying
thickness. 3.5%NaCl solution

The Tafel plots obtained for steel substrate, and Z/N coating of varymg thickness in
3.5%NaCl are shown in Fig 5.C.2.(b)(P). The electrochemical parameters (corrosion
current, corrosion potential and % porosity) calculated from polarization curves. are
summarized in Table C.2. (b)

The corrosion potential of the steel substrate is about —0.446V. The corrosion pdtential of
coated samples has a lower value than Ecorr of the steel without a coating because the
thin coating, having a high porosity, causes an electrochemical heterogeneity of the
surface contacting the electrolyte. This heterogeneity is the reason for a physico—chemicél
instability of the substrate coating system in an aggressive environment. [52] -

The corrosion current density (icor) is an important parameter to evaluate the kinetics of
corrosion reactions, normally proportional to the corr051on current density measured via
polarization. The lower the icorr, the lower corrosion rate the sample is. In the present
test the icor value obtained is less than bare Stainless steel substrate. The icor values of all
the coatings in the anodic region are higher than stainless steel except 2 p ZrN is lower
than stainless steel indicating protection of substrate. [43]

As observed in Polarisation curve, in cathodic polarization region the coated samplés
starts at a current lower than the stainless steel, but near the corrosion potential the coated
sample current increases until it becomes almost equal to that of stainless steel. This

phenomenon can be explained by pitting of the coatings at defect sites. [57]
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As indicated in Bode’s plot fig 5.C.2.(b)(B)- the difference in the impedence of 3p ZrN
and 2p ZrN is less at high frequency whereas at low frequency difference is more
indicating although both the coatings are having similar capacitive property, however

2p ZrN has better corrosion resistance property than 3p ZrN, this may be due to
increased number of defects in 3p ZrN. [48]

SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 3.5%NaCl

Fig 5.C.2.(b)(S)Typical morphologies of the 2.0 p ZrN coating s which had been

subjected to the anodic polarization test in 3.5%NaCl

Surface .image of the 2.0 p ZrN coated alloy after corrosion tests is shown in Fig
5.C.2.(b)(S). When the SEM image was examined, it was seen that the coating layer was
broken from the substrate as large pieces, causing removal of the larger pieces. The
formation of the coating defects is very much difficult to avoid totally. Consequently,
when subjected to a corrosive atmosphere, coated materials will form galvanic cells at the
defects near the interface since ceramic coatings are electrochemically more stable than
most substrate materials. Once aggressive ions such as chlorides penetrate the coating
through these small channels, driven by capillary forces, the exposed area will begin to
experience anodic dissolution, which will usually extend laterally along the interface

between the coating and the substrate. Finally the pits to be formed linked up each other,
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causing rerhoval of the entire coating by flaking. The coating defects e.g., pofes,
pinholes, cracks, observed at the SEM images before cbrrosion tests lead the electrolyte
to reach to the substrate and contribute to developing of the corrosion.[60,66,67]

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM. '

v 4001 ] Electron image 1

- Spechrum

ull Scale 724 cts Cursor: 0.000 ke eV

Fig 5.C.2.(b)(E)The EDX analysis of 2p ZrN thin film subjected to potentiodynamic test
in 3.5%NaCl .

As indicated in Fig 5.C.2.(b)(E)intense peak of iron and less intense peak of Zr is

observed indicating removal of coating.
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5. C. 2 (c) Corrosion behaviour of ZrN in 0.1N HC1
The corrosion behaviour of ZrN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 0.1 N HC1 solution.

Fig 5.C.2.(c)(P) Potentiodynamic corrosion test of S.S substrate &ZrN thin
films of varying thickness in 0. NHC1

0.1INHC1 ecorr  (MV) lew (P A/lcm2) Protective efficiency, P\ (%)

S.S -528 3.574 mA/cm2

1.5m ZrN -520.6 244.6 93.17
2.0p ZrN -530 240.0 93.32
2.5p ZrN -532 132 96.3
3.0p ZrN -527 80.70 97.74
4.0p ZrN -506 136.0 96.20

Table C.2(c) Va ues of corrosion potential (Ecorr) corrosion current density
(Icorr) and protective efficiency for all ZrN specimens inO.IN HC1

HyBrid ES
10 00 kohm

-60 00"

10 00 ohm -80 007
100 0 mHz 1000 Hz 1000 Hz 1000 Hz 1000 kHz 10 00 kHz 100 0 kHz 1000 MHz

Fr*q (Hz)

ZCURVE (2zn hd) ZCURVE (3zn hd) ZCURVE (4zn hd) ZCURVE <15zn hd) ZCURVE (25zn hd) ZCURVE (SShd)
= Y2-ZCURVE (2zn hd) Y2-ZCURVE (3znhd)  <«- Y2-ZCURVE (4znhd) ~ -O- Y2-ZCURVE (15znhd)  -*+ Y2-ZCURVE (25znhd)  -» Y2-ZCURVE (SShd)

Fig 5.C.2.(c)(B) Electrochemical impedence diagram of ZrN thin films of varying
thickness.
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The Tafel plots obtained for steel substrate, and ZrN coating of varying thickness in

0.IN HCI are shown in Fig 5.C.2.(c)(P). The electrochemical parameters (corrosion
current, corrosion potential and % porosity) calculated from polarization curves are
summarized iil Table C.2.(c)

The corrosion potential of the steel substrate is about —0.528V.The corrosion potentials.
(Ecorr) of the coated speéimens are only slightly away from that of stainless steel, within
25 mV, which indicates that the corrosion of the TiN coated-specimens are mainly from
the dissolution of the metal substrate and not from the TiN film. Since corrosion potential
is a thermodynamic property of the substrate material the variation of Ecorr is not
supposed to be far away froxh that of bare steel. [41,42] '
- The corrosion current density (icorr) is an important parameter to evaluate the kinetics of
corrosion reactions normally proportional to the corrosion current density measured via
polarization. The lower the icorr, the lower corrosion rate the sample is. In the present
test the icorr value obtained for all the thickness is always less than bare Stainless steel
substrate indicating protection of substrate. [43]

As observed in Polarisation ¢urve, in cathodic polarization region the coated samples
starts at a current lower than the stainless steel, but near the corrosion potential the coated
sample current increases until it becomes almost equal to that of stainless steel . This
phenomenon can be explained by pitting of the coatings at defect sites. [57]From the
polarisation curve, the anodic current density for 1.5p, 2 p, 2.5 p and 4p ZrN changes a
little with potential increasing from -200 mV to the breakthrough potential +100 mV. In
this interval, the passive layer protects specimen surface from dissolving. While, anodic
current density increases dramatically with potential over 100 mV, probably due to a
pitting corrosion mechanism initiated at the local defects of the film. [43]

As indicated in-Bode’s plot Fig 5.C.2.(c)(B) at high frequency the impedence value of
all the coating is almost same and higher than uncoated S.S. In the medium frequency
' range i.e 10 Hz to 1000 Hz, 3 p ZrN has higher impedence value of all. However at very
low frequency highest impedence is obtained for 1.5 p and 4 p ZrN.

The results that can be inferred are that in medium frequency range the resistance to

corrosion in 3p ZrN is high it may be due to formation of dielectric film. However
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further decrease in the frequency and increase in passage of time, the unexposed pinholes
and pores come in contact with corrosive media and results in lower impedence value

SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 0.1N HCL

2z 3 < BT & & a5 i e 24

Fig 5.C.2.(c)S) Typical SEM morphologies of the 3.0 p ZrN at (a) 100X and (b) 500X
coating which had been subjected to the anodic polarization tests 0.1N HCI

As indicated in Fig 5.C.2.(c)(S) (a)No sign of pitting corrosion is observed for the
cdating of 3p ZrN. However at high magnification (b) Corrosion products are obtained on
the surface of coating. The SEM is in support for the good corrosion resistance of 3pZrN
in 0.IN HClL.

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM.
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Fig 5.C.2.(c)(E)The EDX analysis of 1.5 u ZrN thin film subjected to potentiodynamic
test in 0.1 N HC1

In the Fig 5.C.2(c)(E) the EDX indicates the intense peak of Zr, and less intense peaks
of Fe, Min. The coating system at 100X shows few very small and shallow pits
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5.C 2 (d)Corrosion Behaviour of ZrN in lIpH NazSCs4
The corrosion behaviour of ZrN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 1 IpH NaaSCU solution.

Polenbodynainc Scan

» CURVE (2m pd na2so4i CURVE (3zn pd nt2to* CURVE (4jnpdna2»04) & CURVE il5zn pdna2»04j <« CURVE (25inpd 0*2*0*i & CURVE i»sna2ao4)

Fig 5.C.2.(d)(P) Potentiodynamic corrosion test of S.S substrate &ZrN
thin films of varying thickness in | IpH NazSC*

lIpHNa2S04  Ecorr (mV) Icorr GAA/CITI ) Protective
efficiency, P\{%)

S.S -508 5.970
1.5p ZrN -603.5 2.792 53.3
2p ZrN -578 16.60
2.5p ZrN -571.1 8.241
3p ZrN -480.0 663nA/ crrf 99.99
4[i ZrN -576.1 2.309 61.32

Table C.2.(d) Values of corrosion potential (Ecorr) corrosion current density
(Icorr) and protective efficiency for all ZrN specimens in | IpH Na2SC:4

....... "t
1 10000hm e ege. L T
5 e
- ZCURVE (22N fla2»04) ZCURVE (3ZNMa2sod> ZCURVE (4ZN Na2s04) ZCURVE (1SZN Na2aod)
< ZCURVE (257N Na2sod) ZCURVE (SS n Na2Sod| ~m Y2-ZCURVE (2ZN Na2*o4, m» Y2-ZCURVE (3ZN Na2*04)
h Y2 -ZCURVE (4ZN Na2»04) -0-V2-ZCURVE (1SZNNa2»04) Y2- ZCURVE (252N Na2sod: %+ Y2 - ZCURVE (SS r Na2Sod)

Fig 5.C.2.(d)(B) Electrochemical impedence diagram of ZrN thin films of
varying thickness in | IpH NazSCs4
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The Tafel plots obtained for steel substrate and ZrN coating of varying thickness in 11pH
NapSO, are shown in Fig 5.C.2.(d)(P). The electrochemical parameters (corrosion current,
corrosion potential and % porosity) calculated from polarization curves are summarized
in Table C.2.(d).

The corrosion potential of the steel substrate is about —0.508V. The corrosion potential of
coated samples has a lower value than Ecorr of the steel without a coating because the
thin coating, having a high porosity, causes an electrochemical heterogeneity of the
surface contacting the electrolyte. This heterogeneity is the reason for physico-chemical
instability of the substrate coating system in an aggkssive environment. [52]

It is well known that, the corrosion current density (icorr) is an important parameter to
evaluate the kinetics of corrosion reactions, normally proportional to the corrosion
current density measured via polarization. The lower the icorr, the lower corrosion rate
the sample is. In the present test the icorr value obtained is less than bare Stainless steel
substrate for 1.5y, 3p and 4 p ZrN whereas icorr for 2.0p and 2.5u ZrN is more than steel
indicating very poor corrosion resistance of coating. For all the E values the value of
I(current) is always less for 3 p ZrN than uncoated steel indicating its good corrosion
resistance. The icorr values of all the coatings except 3p ZrN in the anodic region is
higher than stainless steel.[43] .

All the coatings exhibit passive like behaviour i.e. less increase in current with increase
in potential. Oscillations are observed in 4u ZrN -400mV to 200mV indicating region of
incomplete passivity.[40]

At high frequency the impedence value of all the coating is almost same .The initial
capacitive behaviour of coating is high, indicating that the environment used for
corrosion is not severe. Sudden deflection in curve to low impedence value is observed in
medium frequency range for 1.5p ZrN and the impedence of 1.5p ZiN at low frequency
is less than stainless steel. Results indicate that thickness of 1.5 p ZrN is insufficient for

corrosion protection.
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SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 11pH Na;SO4

S o

SIS

()2 ZrN in 11pH Na,SO4 (500X)

Fig 5.C.2.(d)(S) Typical morphologies of the 2.0 nu ZrN coating s which had been
subjected to the anodic polarization tests 11pH Na;SOj at (1)100X and (2) 500X
Fig 5.C.2.(d)(S)(1) indicates corrosion products are observed on the surface. Higher
magnification (2) indicates the mild attack on the surface of coating.
The compositional analysis of coatings after potentiodynamic test was done using EDX

attached to SEM

1] 12 3 4 5 6 7 8 ] 104
Full Scale 1315 cts Cursor: 0.000 ke keV|

Fig 5.C.2.(d)(E)The EDX analysis of 2 ZrN thin film subjected to potentiodynamic test
in 11pH Na;SO4
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The EDX analysis in Fig 5.C.2.(d)(E) indicates the large peak of Zr and small peaks of

Fe,Mn. This indicates uniform and mild corrosion on the surface of coating.

General Discussion on behaviour of ZrN thin films in different environment.

5. C.2.P Potentiodynamic behaviour of ZrN thin film in various environment

5.C.2.P (a,b,c,d)Behaviour of ZrN thin fdms in Various Environment after
potentiodynamic test
Considering E-log | behaviour of ZrN coating of various thickness in various
environment one tend to conclude that corrosion behaviour is strongly dependent on the
environment to which it is subjected to. Highest corrosion resistance is observed in case
of IN H2SO. (5.C.2.P (a)) and 3.5%NaCl (5.C.2.P (a)) where as inferior behaviour is
observed for | IpH Na=SQ4and 0.1NHC1
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The Ecorr in case of 11pH NaySO4 (5.C.2(d)) shifted to lower Ecorr and higher current
deﬁsity value than 1N H,SOy, whereas in case of 3.5% NaCl (5.C.2.P (b)) and 0.1IN HCl

¢5.C.2.P (c)) displayed same Ecorr value however domain of anodic current density is
_ higher in 0.1N HCL

5.C.2 Electrochermcal nnpedence behav1or of ZrN thin films in various enviornment
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5.C.2.B(a,b,c,d)Behaviour of ZrN thin films in Various Environment after

Electrochemical impedence spectroscopy test

For 1IN H,SO; fig. 5.C.2.B(a) and 3.5%NaCl fig. 5.C.2.B(b),the variation in the
impedance value at high frequency is observed whereas in case of 0.1N HCI and 11pH
NaySO; the variation at high frequency is very low indicating similar capacitive property
of all the coated and uncoated samples. However in all the cases variation in impedence

value at low frequency is observed.
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5.C.3 CORROSION BEHAVIOUR OF ZrTiN THIN FILMS

As revealed by XRD results, the ZrTiN thin films consist of three phases, TEN, ZrN and
yFe proportion of each changes as per thickness of coating. Presence of two or more
phases in the coating results in the different corrosion behaviour compared to single
phase obtained in Ti-N or Zr-N coatings. As discussed in XRD of ZrN, in case of 2.5p
ZrTiN intense peak of both ZrN (111) and ZrN (200) is present indicating this coating is
under highest stress.

5. C .3 (a) Corrosion behaviour of ZrTiN thin films in IN H2S04

The corrosion behaviour of ZrTiN coatings of varying thickness was measured by

potentiodynamic corrosion tests in IN H2SO4 solution.

PoMnbodynamc Scan
1000v

500 0 mV/
0.000V
-500 0 mV/

-1.000V
100 OnA 1000 uA 1000 pA 100.0 pA 1000 mA 1000 mA 1000 mA

= CURVE (2ztn m IN H25041 <« CURVE (3zmn IN K2504)' * CURVE (15itn H2»04) = CURVE (25Itn m IN H2504) = CURVE (SSm IN M2504)

Fig 5.C.3.(a)(P) Potentiodynamic corrosion test of S.S substrate & ZrTiN
thin films of varying thickness in IN H2SO4 solution
IN H2S04  Ecorr (mV)  1eon- (fiA/cM2) Protective

efficiency, P,
(%)
S.S -516.3 55.47 mA/cm"
rsa ZITIN -482.2 1.948 mA/cm. 96.5
2.0p ZrTiN -499.6 503.7 99.09
2.5[i ZrTiN -507.2 164.4 99.7
3.0p ZrTiN -370.0 32.50 99.94

Table.C.3.(a)Values of corrosion potential (Ecorr) corrosion current
density (Icorr) and protective efficiency for all ZrTiN specimens inIN
H-SO. solution.
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Fig 5.C.3.(a)(B) Electrochemical impedence diagram of ZrTiN thin films
of varying thickness in 1IN H;SO4 solution

The Tafel plots obtained for steel substrate and ZrTiN coating of varying thickness in are
IN H)SO4 shown in fig 5.C.3.(a)(P).The electrochemical parameters (corrosion current,
corrosion potential and % porosity ) calculated from polarization curves are summarized
in Table C.3. (a). ‘

The corfosion potential of the steel substrate is about =516 mV. The Ecorr of single layer
coated samples, when compared to the substrate, shows a shift towards the positive side.
The positive shift of Ecorr ‘(-—516.3 to —482.2 V for 1.5u ZrTiN, for example) indicates
better corrosion resistance of the ZrTiN coatings. The corrosion potenfial and the
corrosion current for various single layer coatings along with the steel substrate are given
in Table C.3.(a).

It is known that transition metal nitrides are inert to the chemical attacks However; the
PVD coatings contain: cracks, pinholes and pores, which allow the corrosive media to
enter the substrate, thus degrading the corrosion behavior of the coating/substrate system.
Moreover, as the film grows thicker, there is a lesser likelihood for the film to have
pinholes interconnecting with one another from the top surface to the bottom surface
adjacent to the underlying metal that needs protection. As a result, the corroding medium
would encounter more resistance during its penetration or diffusion through the film to
the metal substrate From Table C.1.(a) it is seen that the corrosion resistance of lesser
thickness ZrTiN is inferior than 3p ZrTiN because of strong increase in pin hole defect

density for thin coatings.[45,50,58]
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As observed in Polarisation curve, in cathodic polarization region the coated samples
starts at a current lower than the stainless steel, but near the corrosion potential the coated
sample current increases until it becomes almost equal to that of stainless steel . This
phenomenon can be explained by pitting of the coatings at defect sites. [21]All coated
samples except 2.5 p ZrTiN showed “passive like” anodic behaviour. Since the corrosion
is localized at the defect locations and the coating remains passive the anodic current
density can be related to the active substrate area. At an anodic potential of +500 mV vs.
SCE, 1.5 p ZrTiN has almost 3 orders of magnitude smaller corrosion current density of
substrate and almost 2 orders of magnitude smaller corrosion current density for 2.0p
ZrTiN and 2.5p ZrTiN.

The porosity decreases with increasing the thickness but at the same time strains increase,
causing the peeling off of the film from the substrate. So, the effectiveness of the
corrosion protectiveness by a ZrTiN coating is determined by its continuity and its good
adhesion fo the substrate. AThe latter depends on the production conditions. [52]
Polarization curves in passivation area have a horizontal peak as shown in Fig.5.C.3.(a)
for 8.5, 1.5 and 2.0p ZrTiN. Existence of this peak is related to the formation of
secondary phase such -as yFe (revealed by XRD Fig. 5.B.3.i) for which the corrosion
current is higher than matrix phase. When more than one metallic phase is present in
alloy, its polarization behavior will be the volume average sum of the behavior of each
phase that leads to the presence of the horizontal peak in the passive region. The width of
this peak can indicate the activity or amount of secondafy phase in matrix. [46]

The Bode plot Fig 5.C.3.(a)(B) for the coated alloy before defect formation ,time constant
at high frequencies is related to the capacitive response of the film. The resistive plateau
at 10>-10°Hz represents the pore resistance of film. The relaxation process at about 1-10
Hz is attributed to the capacitance of the intermediate layer present at the metal/coating
interface. The resistance of such interlayer, which is situated at lower frequencies, is very
important from the corrosion protection standpoint, since it is the last barrier for the
corrosive species before reaching the metal surface. The third time constant is weakly
defined at lowest frequencies and is related to the corrosion activity. At high frequency
the capacitive response of all the coatings is same, however at low frequency when

presence of pore is detrimental the impédence behaviour changes and highest impedence
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is obtained for 3p ZrTiN. This is in agreement with best corrosion properties obtained

for 3p ZrTiN under potentiodynamic test. [48]

SEM studies were carried out to determine morphology of coating after typical anodic
polarization tests in 1N H,SO4

(D1.5 ZrTiN in IN H,SO, (100X) | (ID1.5 Z¢TiN in IN H,804 (500X)

Fig 5.C.3.(a)(S) Typical SEM morphologies of the 1.5 p ZrTiN coating which had been
subjected to the anodic polarization tests 1NH,SO4 solution at (I)(100X) and (II) (500X)

SEM micrograph Fig 5.C.3.(a)(S)(I) indicates uniform corrosion on the surface of the
coating. At Higher magnification Fig 5.C.3.(a)(S)(II) pits are observed. However pits are

not deep and the substrate is not observed indicating less severe attack.

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM |
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Fig 5.C.3.(a)(E)The EDX analysis of 2.5u ZrTiN thin film subjected to potentiodynamic
test in INH2804 (I) corroded region (II) within the pit

The EDX analysis Fig 5.C.3.(a)(E) (I) indicates the large peak of Zr and small peak of

Ti. The EDX analysis is very similar to that obtained without corrosion (5.A.1.(iii)).EDX

analysis within the pit Fig 5.C.3.(a)(E) (II) indicate that both Zr and Ti are present

indicates that complete removal of coating has not occurred and pits formed are

superficial.
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5.C 3. (b) Corrosion behaviour of ZrTiN thin films in 3.5%NaCl
The corrosion behaviour of ZrTiN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 3.5%NacCl solution.

Potentiodynamic Scan

1000 mA 1000 mA 100 OnA 1000 mA 1000 mA 100 0 mA
kn(A)
> CURVE (3ztn2in nadpd) — FI 1 [Tafe| +- CURVE (2ztnInnadpd) ~ « CURVE (ISztnmnadpd) -+ CURVE (25ztnInnadpd) « CURVE (SS 3 5HaClpd)

Fig 5.C.3.(b)(P) Potentiodynamic corrosion test of S.S substrate & ZrTiN

35%NaCl  Ecorr (mV)  reorr (FIA/CM2) Protective
efficiency, P\ (%)
S.S -599.3 63.79
1.5n ZrTiN -612.3 79.23
2.0p ZrTiN -511.8 14.52 77.3
2.5p ZrTiN -578.0 22.90 64.2
3.0p ZrTiN -508.1 5.062 92.1

Table C.3.(b)Values of corrosion potential (Ecorr) corrosion current
density (Icorr) and protective efficiency for all ZrTiN specimens, in
3.5%NacCl solution.

10 00HZ 1000 Hz 1000 kHz 1000 kHz
Fraq (Hz)
+- ZCURVE (2ZTN n 3 5%MaCl pd) - ZCURVE (3ZTN In 3 5%NaCI pd! ZCURVE (15ZTN » 3 SXNaCl pd

) )
»- ZCURVE (SS m 3 SHNaCl) h Y2 - ZCURVE (2ZTN in 3 5%MaCl pd) «m Y2 -ZCURVE (3ZTN in 3 SSfcMaCl pd)
K Y2 - ZCURVE (2SZTN m 3 5%NaCl pd) I- Y2 - ZCURVE (SS m 3 5%NaCl)

Fig 5.C.3.(b)(B) Electrochemical impedence diagram of Zr-Ti-N thin
films of varying thickness, in 3.5%NaCl solution.
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The Tafel plots obtained for steel substrate, and ZrN coating of varying thickness in
3.5%NaCl are shown in Fig 5.C.3.(b)(P). The electrochemical parameters (corrosion
current, corrosion potential and % porosity ) calculated from polarization curves are -
* summarized in Table C.3.(b).

The corrosion potential of the steel substrate is about —0.599 V. The corrosion potential
of coated samples has a lower value than Ecorr of the steel without a coating because the
thin coating, having a high porosity, causes an electrochemical heterogeneity of the
surface contacting the electrolyte. This heterogeneity is the reason for a physico-
chemical instability of the substrate coating system in an aggressive environment. [52]
Polarisation curves shows a lower corrosion current for 3p ZrTiN than for all other
thickness and stainless steel The curve for 3p ZrTiN and all other thickness have a similar
shape but consistently lower anodic dissolution. A comparison between coatings suggests
some improved corrosion resistance was offered by 3p ZrTiN.However protection
offered is broadly similar. [41, 42]

The corrosion current density (icorr) is an important parameter to evaluate the kinetics of
corrosion reactions normally proportional to the corrosion current density measured via
polarization. The lower the icorr, the lower corrosion rate the sample is. In the present
test the icorr value obtained is less than bare Stainless steel substrate. The icorr values of
all the coatings in the anodic region is higher than stainless steel except at high E value,
icorr of 2 p ZrTiN is lower than stainless steel.[43]

As observed in Polarisation curve, in cathodic polarization region the coated samples
starts at a current lower than the stainless steel, but near the corrosion potential the coated
sample current increases until it becomes almost equal to that of stainless steel . This
phenomenon can be explained by pitting of the coatings at defect sites.[57]From the
potentiodynamic curve, the anodic current density for all coatings except 3p ZrTiN
changes a little with potential increasing from -200 mV to the breakthrough potential
+200 mV. In this interval, the passive layer protects specimen surface from dissolving.
While, anodic current density increases dramatically with potential over 200 mV,
probably due to a pitting corrosion mechanism initiated at the local defects of the film.
Also discontinuity is observed in 1.5p ZrTiN coating. [43]
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However, the overall corrosion process is dominated by locally active dissolution, which
occurred as the substrate was exposed via coating porosity [47]

As discussed by Tamilaelvi,R. et al [68]EIS data for the Ti-6Al-4V alloy in saline
solution at different impressed potential(Ecorr,0mV(SCE) and +500mV(SCE)).The bode
plot' exhibits two time constants at all impressed potential, as evidenced by the
appearance of two distinct frequency regions. The time constant in high frequency part
arises from the uncompensated ohmic resistance due to electrolytic solution. However in
low frequency part the phase angle 0 decreased almost linearly to a constant value of
approximately -40°, suggesting occurrence of the diffusion process in the solid phase at
the substrate/electrolyte interface.

As fndicated in fig 5.C.3.(b)(B) at high frequency the capacitive behaviour of all the
coatings is same. However at low frequency wherein at low frequency resistive behaviour
of coating is important, the difference in impedence between 3 p ZrTiN and 2p ZrTiN is
more. Discontinuity is observed in 2.5p ZrTiN. This may be due to highly stressed
structure of coating. The impedence value is of the order of one magnitude higher than
uncoated substrate at lower frequency, indicating good corrosion resistance behaviour of
coatings. ‘

SEM studies were carried out to determine morphology of coating after typical anodic °

polarization tests in 3.5%NaCl

()1.5p ZcTiN at 100X (i) 1.5 ZTiN at 100X (iii)1.51 ZITiN at 1000X

Fig 5.C.3.(b)(S) Typical morphologies of the 1.5 p Zr TiN coating s which had been
subjected to the anodic polarization tests 3.5%NaCl
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As shown in Fig 5.C.3.(b)(S) (i) At low magnification large number of pits can be seen.
The number of pits covering the corrosive area is many. The depth of the pits in the
corroded surface of the coating system is shallow and is further confirmed by the EDX
analysis results. The iron peaks measured in the bottom of a pit in the corroded coating
system are very weak. ( Fig 5.C.3. (b)(E) (i)).

Surface images of 1.5p ZrTiN coated alloys after corrosion tests at high magnification is
given in Fig 5.C.3.(b)(S) (iii). When the SEM images were examined, it was seen that
the coating layer was broken from the substrate as large pieces, causing removal of the
larger pieces. The formation of the coating defects is very much difficult to avoid totally.
Consequently, when subjected to a corrosive atmosphere, coated materials will form
galvanic cells at the defects near the interface. Since ceramic coatings are
electrochemically more stable than most substrate materials, once aggressive ions such as
chloride penetrate the coating through these small channels, driven by capillary forces,
the exposed area will begin to experience émodic dissolution, which will usually extend
laterally along the interface between the coating and the substrate. Finally the pits to be
formed linked up each other, causing removal of the entire coating by flaking [38]. The
coating defects e.g., pores, pinholes, cracks, observed at the SEM images before
corrosion tests lead the electrolyte to reach to the substrate and contribute to developing
of the corrosion. Similar behaviour was observed by when TiN was deposited on AZ91
alloy magnesium alloys by cathodic arc PVD technique. [60]

Micrographic evidence shows that localized pitting or crevice corrosion initiates at
surface defects. These are metallic droplets or associated growth defects and arise during
the initial arc-cleaning stage. It is suggested that, in a coating with high internal stresses,
areas adjacent to such defects are more prone to cracking, after corrosion has
commenced. Such behaviour is quite typical of internally stressed coatings where

corrosion can initiate microcracks or pits which then grow as microscopic cracks. [59]

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM
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(i) EDX analysis of 2.5 ZrTiN

(iiD)EDX analysis of 2.5 ZrTiN within the pit

Fig 5.C 3(b)}(E)The EDX analysis of (i) 1. Sp ZrTiN & (ii)2.5p ZrTiN overall on the
surface and (iii) 2.5u ZrTiN within the pit of thin film subjected to potentiodynamic test

in 3.5%NaCl
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EDX analysis Fig 5.C.3.(b)(E)(ii)of the coating indicates that intense peak of Zr and
smaller peak of Ti is observed. EDX analysis within the pit Fig 5.C.3.(b)(E)(iii)
indicates that both Zr and Ti are present in addition to intense iron peak indicates

incomplete removal of coating .

5.C. 3 (c) Corrosion behaviour of ZrTiN thin films 0.1N HC1
The corrosion behaviour of ZrTiN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 0.1 N HC1 solution.

PotenWrtynamK Scan
1000V

500.0mv

“oooov -

v

-5000 mv

-1 000V
100.0 nA 1000 uA 10.00 mA 1000 nA 1000 mA 1000 mA 100.0 mA

in(A)

CURVE (2ztnhdped) +- CURVE (30ztnhdpd) + CURVE (15ztnndpd) CURVE (252tn helpd) CURVE (SS10.INHCI)

Fig 5.C.3(c)(P) Potentiodynamic corrosion test of S.S substrate & ZrTiN
thin films of varying thickness in 0.1N HC1 solution
0.1N HC1 ecorr  (MV) 1core (JIKAICM Protective efficiency,

Pi (%)
SsS -528.8 3.574 mA/cnr
150 ZITIN ~ -495.0 136 96.2
2p ZITiN -472.2 13.87 99.6
2.5n ZITIN  -507.2 66.20 98.2
3p ZITiN -416.2 92.14 97.5

Table C.3.(c) Values of corrosion potential (Ecorr) corrosion current
density (lcorr) and protective efficiency for all ZrTiN specimens, in
0.1NHC1 solution
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ZCURVE (2ztn hel) ZCURVE (3ztn hd) ~+-ZCURVE (ISztnhd) ¢+ ZCURVE (257tn hd) -+~ ZCURVE (SShcl)
= Y2-ZCURVE (2210 Hd) <«- Y2-ZCURVE (Szir hd) O- Y2- ZCURVE 1152M hd) -0- Y2- ZCURVE <25ztn hel) = Y2-ZCURVE (SShd)

Fig 5.C.3.(c)(B) Electrochemical impedence diagram of ZrTiN thin films
of varying thickness in 0. IN HC1 solution

The Tafel plots obtained for steel substrate, and ZrTiN coating of varying thickness in
0.IN HC1 are shown in Fig 5.C 3 (c)(P). The electrochemical parameters (corrosion
current, corrosion potential and % porosity ) calculated from polarization curves are
summarized in Table C.3.(c).

The corrosion potential of the steel substrate is about -0.528 V. The comparison between
the corrosion potential Econ for coated and uncoated steel (Table C.3.(c)) revealed that
with coated steel, the corrosion potential is nobler than the uncoated steel . This means
that the ZrTiN coatings shifts the corrosion potential to more positive potential values

and consequently protects 316 SS from corrosion to a different extent.

In acid solution, rapid corrosion of steel coated with ZrTiN takes place at pores and
pinholes in the coating substrate is easily passivated. [55]

Polarisation curves shows a lower corrosion current for 3p ZrTiN than for all other
thickness and stainless steel. The curve for 3p ZrTiN and all other thickness have a
similar shape but consistently lower anodic dissolution. A comparisons between coating
suggest some improved corrosion resistance was offered by 3p ZrTiN .However
protection offered is broadly similar. [41,42]

From the potentiodynamic curve, the anodic current density for 15 and 2p ZrTiN
coatings changes a little with potential increasing from -200 mV to the breakthrough
potential +100 mV. In this interval, the passive layer protects specimen surface from

dissolving. While, anodic current density increases dramatically with potential over
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200 mV, probably due to a pitting corrosion mechanism initiated at the local defects of
the film. [43] ' |

EIS is a very effective technique to analyze the various steps involved in an
electrochemical reaction by measuring the impedance system response to small ac
potential signals over a wide frequency range. It provides a lot of information on the
corrosion reactions, the mass transport and the electrical charge transfer, especially the
localized corrosion of coating/steel system. The Bode spectra of uncoated and coated
samples are presented in. Fig 5.C.3(c)(B). The 1ZI values for the ZrTiN coated systems
are higher than the SS316 substrate, which demonstrates a better corrosion performance
of the coated samples. As for the substrate phase curve, resistive behavior was identified
at low frequencies, while capacitive behavior was observed at high frequencies. The
curve of 3 ZrTiN on SS316, show a ‘plateau’ behavior at phase angle close to 30°. The
surface of 3p ZrTIN/SS316 system is expected to a very strong capacitive response as the
Zr-Ti-N thin films are electrochemical inert with high dielectric constants. Similar
behaviour was observed by Li Li etal [43] for TaN thin films deposited cathodic arc
deposition system on 317 S.S

As shown in ﬁg 5.C.3.(c).(B) at high frequency the impedence value of coating of all
thickness is same. Howe\;er at low frequency the difference in the impedence is more,
indicating difference in resistive behaviour of coating.

The 1.5 p ZrN coating did not exhibit the best corrosion resistance Fig 5.C.3(c)(P)
although it had largest impedance shown in Fig 5.C.3(c)(B). According to the
phenomenon in the experiment, it can be explained that the coating was severely attacked
under the increasing potential. Similar behaviour was observed by Guosong Wu [63] for
electron beam evaporation upper metal oxide thin films on AZ31 magnesium alloy with
TiO, or ALO; as donors.

SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 0.1N HC1

163



()1.51 ZrTiN at 100X (i) 1.5 pZrTiN at 500X

Fig 5.C.3.(c)(S) Typical morphologies of the 1.5 pZr TiN coating s which had been
subjected to the anodic polarization tests 0.1N HCl at (i) 100X and (ii) 500X).

The SEM micrograph Fig 5.C.3.(c)(S)(i) indicates the small pits on the surface of
coating. Fig.5.C.3.(c)(S)(i) indicate that delamination of coating occurs. However

substrate is not observed indicating the superficial damage. '

The compositional analysis of coatings after potentiodynamic test was done using EDX
attached to SEM
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Fig 5.C.3(c)}(E)The EDX analysis of 2. 5p ZrTiN thin film subjected to potentiodynamic
test in 0.1N HCl

The EDX analysis at the region near the delamination indicates the removal of coating,

since intense peak of iron is observed. Thus additional information about the extent of

damage can be obtained by using EDX coupled with SEM.
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5.C.3 (d) Corrosion behaviour of ZrTiN thin films IN HpHNaSo04
The corrosion behaviour of ZrTiN coatings of varying thickness was measured by

potentiodynamic corrosion tests in 1 [pH Na2S04 solution.

Potantodynamic Scan

-5000

10 00 nA 100 0 vA 1000 mA 10 00 uA K) mA 1000 m

-+ CURVE (2ztn pd na2»04) * CURVE. (3*tn pd na2sod) « CURVE <152in pd na2»04) = CURVE (252tn pd na2aod> + CURVE (sane2»od)

Fig 5.C.3.(d)(P)Potentiodynamic corrosion test of S.S substrate & ZrTiN

H Na2S04
llpH Na2S04 Ecorr  (MV) learr (pA/em™) Protective
efficiency,
S.S -508 5.970
1.5p ZrTiN -858 142.3
2p ZrTiN -496 2.880 52 %
2.5p ZrTiN -654 69.00
3p ZrTiN -649 9.310

Table C.3.(d)Values of corrosion potential (Ecorr) corrosion current
density (Icorr) and protective efficiency for all ZrTiN specimens, in
11 pH Na2SQ4

“mmOgoaai

1ol U™ mii*

* 007

1000 HZ 1000 kHz
Freq (H2)

Fig 5.C.3.(d)(B) Electrochemical impedence diagram of ZrTiN thin films
of varying thickness, in | IpH Na2SQ4
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The Tafel plots obtained for steel substrate and ZrTiN coating of varying thickness in
11pH Na,SO, are shown in Fig 5.C.3.(d)(P) The electrochemical parameters (corrosion
current, corrosion poten;cial and % porosity ) calculated from polarization curves are
summarized in Table C.3. (d)
The corrosion potential of the steel substrate is about —0.508 V. Large variation in Ecorr
of substrate & coatings is observed. The corrosion potential has a lower value than Ecorr
of the steel without a coating because the thin coating, having a high porosity, causes an
electrochemical heterogeneity of the surface contacting the electrolyte. This
heterogeneity is the reason for a physico-chemical instability of the substrate coating
system in an aggressive environment. [52]
The corrosion current density is often used as an important parameter to evaluate the
kinetics of corrosion reactions. The icorr values of all coated samples except 2u ZrTiN
is higher than substrate. This indicates that performance of coating is inferior in given
environment. One of the reason for poor performance cou{d be the stainless steel itself is
very passive in highly alkaline environment of 11pH Na;SO4 so need for coating is to be
excluded..

As indicated in Fig 5.C.3.(d)(B) impedence value of uncoated steel substrate and
| 1.5 ZrTiN is of one order inferior to stainless steel substrate. For medium and high
range frequency S.S behaves better, however at very low frequency impedence of
2p ZrTiN is slightly better than S.S. Large variation in impedence is observed at high
frequency for all thickness.
SEM studies were carried out to determine morphology of coating after typical anodic

polarization tests in 11pH Na,SO,
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(H1.5p ZcTiN in 11pH NapS04at1 00X (i)1.5p ZrTiN in 11pH Na2S04 at 500X

Fig 5.C.3.(d)(S)Typical morphologies of the 1.5 pZr TiN coating which had been
subjected to the anodic polarization tests 11pH Na,SO4
The SEM micrograph Fig 5.C.3.(d)( S) at low magnification(i) indicates the extent of
corrosion on the whole surface .Further investigation at high magnification(ii) indicates

presence of pits however the pits does not extent up to the substrate.
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The compositional analysis of coatings after potentiodynémic test was done using EDX

attached to SEM

ull Scele 1320 cis Cursor: 0.000
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Spectrand
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())EDX analysis of 2.5 pZrTiN coating

(ii))EDX analysis of 2.5 ZrTiN within the
pit

Fig 5.C.3(d)(E)The EDX analysis of 2.5p ZrTiN thin film subjected to potentiodynamic
test in 11pH Na,SO4

EDX analysis in fig Fig 5.C.3.(d)(E)(i) of the coating after anodic polarisation for overall

area indicates that intense peak of Zr and smaller peak of Ti. EDX analysis within the pit
Fig 5.C.3.(d)}E) (ii) indicates that both Zr and Ti are present but intensity of both the

metals is reduced. Also intense peak of sulphur and sodium is observed indicating

seepage of sulphate ions to substrate.
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5.C.3 P Potentiodynamic behaviour of ZrTiN thin film in various enviornment
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Fig. 5.C.3 P(a,b,c,d)Behaviour of ZrTiN thin films in Various Environment after

Electrochemical impedence spectroscopy test

Considering E vs. log | behaviour of ZrTiN coating of various thickness in various
environment one tend to conclude that corrosion behaviour is strongly dependent on the
environment to which it is subjected to. Highest corrosion resistance is observed in case
of IN H2S04 (Fig. 5.C.3 P(a)) and 3.5%NaCl (Fig. 5.C.3 P(b)) where as inferior
behaviour is observed for 11 pH Na2S04 (Fig. 5.C.3 P(d)) and 0.1N HCI(Fig. 5.C.3 P(c))

The Ecorr in case of 11 pH Na2SO04 shifted to lower Ecorr and higher current density value
than IN H2S04, whereas in case of 3.5%NaCl and 0.1N HC1 both displayed same Ecorr

value however domain of anodic current density is higher in 0. IN HC1.
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Large variation in the Ecorr value for various thickness is observed in case of
11pH N2,SO; and 3.5%NaCl indicating influence of sodium ions on corrosion behaviour.

5. C .3 B Electrochemical impedence behavior of ZrN thin films in various
enviornment
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Fig. 5.D.3.B(a,b,c d)Behavmr of ZrTiN thin films in Vanous Env1ronment after
Electrochemical impedence spectroscopy test

Maximum variation in the impedenc:a value at low frequency is observed in case of
IN H,SO4(Fig. 5.C.3 i3(a)) indicating variation in resistive response of coating. In case
of 11pH Na,SOy(Fig. 5.C.3 B(d)) at high frequency the variation in impedence value for
coating of different thickness is of the one order of magnitude hence variation in
capacitive response. |
Breaking in impedence curve of 2.5pu ZrTiN in 3.5%NaCl indicates the mcomplete
passivity of coating in that environment(Fig. 5.C.3 B(b))
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5.0 WEAR CHARACTERISATION

A pin-on-disk tribometer was used to evaluate the Wear resistance of as-deposited Ti;-N,
ZrN and Zr-Ti-N coating of varying thickness. The instrument measured the tangential
force between the two contacting surfaces while a normal force of 4Kg was applied. The
coefficient of friction was calculated and its value as a function of time was plotted as the
tests progressed.
The surface characterization of the wom surfaces after friction and wear tests was
condﬁcted using a scanning electron microscope SEM JEOL JSM 5610LV and Hitachi
3400. The accelerating voltage was 15 kV and images were captured using a secondary
electron and back scattered electron detector. The working distance was 39 mm. The
chemical analysis of debris from the tests was analyzed using EDX attacﬁed with SEM.
The wear méchanism varies with composition of coating, thickness of coating and
| process parameters of film formation. [70]
In the present research work since composition and process parameter for formation of
coating is kept constant, thickness of coating plays a major role in determing wear
behaviour of coating. Based on the experimental data and the results of microscopic
studies the dominant mechanisms responsible for the friction behaviour are evaluated and
the role of material transfer is discussed.
PVD coatings produce very hard, low friction surfaces, but due to inherent compressive
stresses may be susceptible to coating fracture and delamination under high normal load
sliding wear conditions. [11]
The XRD analysis (Fig 5.B.1(ii)) indicates presence of TizN phase for all thickness.
Nodel et al [11] carried out plasma nitriding of TiAlV alloy and confirmed the presence
of mixed TiN/Ti;N structure. The adhesion of the Ti;N film to the substrate is greater
than that of the TiN coating, due to the more gradual transition of hardness and elastic
modulus across the coating/substrate interface. Any cracking of the coating resulting
from substrate deformation is therefore more likely to lead to higher localized coating
loss through decohesion and therefore greater mass loss and further deformation of the

substrate.
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5.D.1 WEAR CHARACTERISATION OF Ti-N THIN FILM

5.D.1 (a) Wear Behaviour of 1.5y Ti-N Thin Films:
After the wear tests, the morphologies of each wear scar were observed by scanning

electron microscopy (SEM)Y(HITACHI 3400 and JOEL 5610) Furthermore, the chemical

compositions of the micro-zones inside the scars were characterized by energy dispersive

X-ray spectrum coupled to SEM

(iii)SEM of Wear Debris at 3000X

())SEM of wear frack for 1.5u Ti-N (200X)
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(ii))EDX analysis of 1.5u TiN at 200X

Fig 5.D.1 (a) (I) SEM(i& iii at 200X and 3000X) and EDX analysis(ii at 200X) of
1.5 p Ti-N after wear testing

173




Fig 5. D.l.(a)(1) show the typical profiles of the wear scars of the coatings after ball-on-
disc wear test. Fig 5.D.1.(a) () (i) shows the shallow ploughing grooves on the surface of
specimen. Some pores corresponding to removal of Ti rich macroparticles are observed.
EDX analysis (ii) indicates the intense peak of iron and small peak of Ti and oxygen.
SEM analysis at high magnification (iii) within the wear track shows flaky and very fine-
grained submicron sized wear debris particles. Microgrooves are formed which are
associated with crack nucleation on surface, subsequent crack propogation and finally
loose particles of large size are trapped and dragged along resulting in formation of
macro grooves.[70]Plate shaped particles are observed in wear debris indicative of
ploughing wear, nucleation and propagation of subsurface cracks or plastic shear in
asperity contact.[71]

The damage pattern indicates that plastic deformation occurred to some extent via
ploughing and wedge formation. The results are similar as obtained by [72]

To determine composition of wear debris within the wear track, EDX analysis within the

wear track at high magnification was carried out.
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Fig 5.D.1. (a) (II) EDX analysis of Wear Track at various points in 1.5p Ti-N after wear

testing.

EDX composition analysis for the coatings at various points as in Fig 5.D.1(a)(II)
indicates the presence of Fe , O and Ti species. At point 1 intense Iron peak is observed,
point 2, equal proportion of Fe and O is obtained & less intense peak of Ti, at point

3 intense peak of Fe and less intense peak of O is observed, similarly more intense peak
of Fe is observed at point 5 compared to 4 i.e., the debris composed mainly of FeO, /FeO
/TiO; or FeTiO; compound. The absence of nitrogen in the debris indicated that the
generated particles were thoroughly oxidized.

This result showed that the mass transfer from the steel substrate may have happened
during the sliding wear test and debris and wear track may have been oxidized during the
sliding wear process. Thus the oxidation due to tribo-chemical reac.tion was the main

degradation process. [72, 14]
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The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.1.(a) (III) shows the friction coefficient of the 1.5 p Ti-N coatings with

time when sliding against EN24 steel ring.
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Fig 5. D. 1. (a) (III) variation in COF(Coefficient of friction) with ‘time for 1.5 p Ti-N

thin film after wear testing.

The increase in COF is equivalent to loss of lubrication layer which promotes localized
fracture and wear debris formation. The COF of 1.5n Ti-N coating is 0.600. SEM of
original 1.5 p Ti-N, Fig 5.A.1 (a) indicates presence of large number of macroparticles.

As indicated by Moulzolf et al [73] initial rapid rise of COF against sliding distance
implies that friction mechanism is dominated by formation of wear debris in the interface.
A friction value is associated with the removal of macroparticle, decrease is associated
with ejection of wear particle (about 800 sec in Fig 5.D.1(a)(Ill)) and subsequent

increase is associated with generation and entrapment of wear particles. [74]
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5.D.1 (b) Wear Behaviour of 2.0n Ti-N Thin Films

(i)SEM of Wear Track for 2n Ti-N (iii))SEM of Wear Debris for 2u Ti-N at 3000X
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(i)EDX analysis of 2.0u Ti-N at 200X (iv) EDX analysis of 2.0 uTi-N at 3000X

Fig 5.D.1.(b)(I) SEM(i& iii at 200X and 3000X) and EDX analysis(ii & ivat 200X &
3000X ) of 2.0 u Ti-N after wear testing
The Fig 5.D.1.(b)(I) show the typical profiles of the wear scars of the coatings after ball-

on-disc wear test. Fig 5.D.1.(b)(I) (i) shows the accumulation of wear debris near the
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interface of coating and wear track. Some pores corresponding to removal of Ti rich
macroparticles are observed. EDX analysis (ii) indicates the intgnse peak of Ti and weak
peak of iron and oxygen. SEM analysis at high magnification (iii) within the wear track
shows compact and very fine-grained submicron sized wear debris particles. EDX
analysis at high magnification indicates intense peak of iron and weak peak of Ti
indicating removal of Ti-N coating. Very less quantity of small spherical shape particles
are observed in wear track, the reason being, wear particles may not escape from
interface to become loose debris and some remain trapped and appear as spherical. The
damage pattern indicates that plastic deformation occurred via adhesive wear. [71]

The friction coefficient values are different for the coatings depending on the time
traveled. Fig S.D.vl.(b)(II) shows the friction coefﬁcienf of the 2.0 p Ti-N coatings with
the time when slidihg against EN24 steel ring.
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Fig 5.D.1.(b)(II) Variation in COF(Coefficient of friction) with time for 2 uTi-N after
wear testing. ‘
The COF of 2p Ti-N coating is 0.325. Less amount of wear debris in the wear track is
reflected in terms of low COF. As shown in Fig 5.D.1.(b)(II) the COF values can be
related with SEM observations of wear scars on Ti-N coating confirmed that the rise in

friction occurred with increasing transfer of debris to the tracks. The wear tracks
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corresponding to low COF have very little debris and when COF is high (0.6) debris
cover about 80% of wear track.[8]In the present work also high COF in 1.5p Ti-N(0.600)
has high amount of debris in the wear track and 2p Ti-N(0.325) has less amount of debris
in wear track.[75]

As indicated by Z.P. Huang et al, [76] the curves of friction coefficient vs sliding
distance/time for the coatings investigated are characterized by the initial transient state
and the steady state. Ploughing actions of fhe hard asperities of the coatfng surface and
material transfer from the slider to the coating surface play an important role in determing
the friction behaviour of the initial transient state and steady state respectively. [83]

The drop in the friction in plastic contacts Fig 5.D.1.(b)(II) (@1100 sec) is associated
with ejection of wear particles and a subsequent increase is associated with generation

and entrapment of wear particles. [74]
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5.D.1 (c) Wear Behaviour of 2.5p Ti-N Thin Films

(i))SEM of Wear Track for 2.5uTi-N at (iii))SEM within the wear track at 1800X
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(iDEDX analysis of 2.5p Ti-N at 200X (iv) EDX analysis of 2.5u Ti-N at 1800X

Fig 5.D.1.(c) (I) SEM (i& iii at 200X and 3000X) and EDX analysis (ii & iv at 200X &
3000X ) of 2.5p Ti-N after wear testing.
Fig 5.D.1.(c)(I) shows the typical profiles of the wear scars of the coatings after ball-on-

disc wear test. Fig 5.D.1.(c)(I) (i) Smooth wear track is observed and wear products are
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present at the interface between coating and substrate. EDX analysis (ii) indicates the
intense peak of Ti and weak peak of iron and oxygen. SEM aﬁalysis at high
magnification (iii) indicates that the film worn off only at some locations Delamination
may have originated from either a surface crack or a macroparticle. Similar behaviour is
observed by A. Chatterjee et al.[77]JEDX analysis Fig 5.D.1.(c)(I)iv) at high
magnification indicates intense peak of iron and less intense peak of Ti. Slight reduction
in intensity of Ti peak at high magniﬁcatioh (within wear track) compared to that at low
magnification large coverage area, indicating incomplete removal of cbaﬁng. Irregular
shaped particles are observed within the wear track indicating wear debris are produced
by detachment of transferred fragments in adhesive wear aﬁd brittle fracture. [71]

The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.1.(c)(II) shows the friction coefficient of the 2.5 u Ti-N coatings with
the time when sliding against EN24 steel ring.

T E00 700 00 500 1000 1160 1200 1300
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Fig 5.D.1.(c)(Il)Variation in COF(Coefficient of friction) with time for 2.5 p Ti-N after
4 wear ‘testing.

The COF of 2.5 p Ti-N coating is 0.300.COF values can be related with SEM (Fig
5.D.1.(c)(I)(iii)) less amount of wear debris in the w
ear track is reflected in terms of low COF. The initial increase in COF (Fig 5.D.1.(c)(I))
is associated with ploughing because of roughening and trapped wear particles. The drop
in the friction (after 500 sec) about in plastic contacts is associated with ejection of wear
particles, and a subsequent increase is associated with generation and entrapment of wear

particles. [74]
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5.D.1 (d) Wear Behaviour of 3.0p Ti-N Thin Films

())SEM of Wear Track for 2.5 TiN at 200X" (ii))SEM of Wear Debris at 1800X
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(i)EDX analysis of 3.0 TiN at 200X

Fig 5.D.1.(d)(DSEM(i& iii at 200X and 3000X) and EDX analysis(ii at 200X) of
3.0uTi-N after wear testing.

Fig 5.D.1.(d)(I) show the typical profiles of the wear scars of the coatings after ball-on-

disc wear test. Fig 5.D.1.(d)(I) (i) Grooves are observed on the wear track (ii) indicates

the intense peak of Ti and weak peak of iron and oxygen indicating that Ti-N coating is
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intact. SEM analysis at high magnification (iii) indicates formation of a continuous and
thick debris layer covered on the center of wear scar, which was formed during the tribo-
oxidation process by repeated grinding and rubbing similar behaviour is observed by J.L.
Moa et al [4] for TiAIN coatings were deposite(i on cemented carbide by the arc-physical
vapor deposition. Irregular shaped particles are observed within the wear track indicating
wear debris are produced by detachment of transferred fragments in adhesive wear and

brittle fracture. [71]

e counts: 592 - 3THER) p1t

Fig 5. D.1.(d)(IEDX analysis of barticle in wear track of 3 p Ti-N after wear testing.

As observed by Pranay Asthana et al [78] wear behaviour of boriding heat treatment on
pure iron was performed in a solid medium by using commercial EKabor powder and
they observed some white particles at the edges of the debris layer indicating the
oxidation of pure iron. The white coloring in Fig 5.D.1(d)(II) is due to the electron

charge accumulation on the sample surface under the SEM because of conductivity.
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Hence white particles in all the SEM indicate presence of FeOx. However the debris
formed during sliding wear may contains some amount of TiOx in addition to FeOx
[78,79]. Further analysis with more sophisticated instruments like SAD,XPS and TEM
are required to confirm the same.

The friction coefficient values aré different for the coatings depending on the time
traveled. Fig 5.D.1(d)(I) shows the friction coefficient of the 3.0 p TiN coatings with
time when sliding against EN24 steel ring. S
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* Fig 5.D.1.(d)(II)Variation in COF(Coefficient of friction) with time for 3.0p Ti-N after |
_ wear testing

The COF of 3.0 p Ti-N coating is 0.321. The initial increase in COF is associated with

_ ploughing because of roughening and trapped wear particles remaining within the wear

track. [73]SEM Fig 5 .D.1(d) (iii) and COF values, Fig 5.D.1.(d)(II) can be related the

thick and rough debris layer on the wear track causes the COF of Ti-N coating ﬂuctuaﬁng

during the steady wear stage.[74]
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5.D.1 (e) Wear Behaviour of 4.0p Ti-N Thin Films

Ful seale counte 9% THF

(1))SEM of Wear Track for 4.0 TiN at 200X (1i1)SEM of Wear Debris at 1800X
§

-
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(i1))EDX analysis of 3.0 TiN at 200X

Fig 5.D.1.(e)(DSEM(i& iii at 200X and 3000X) and EDX analysis(ii at 200X) of
4.0p Ti-N after wear testing.
Fig 5.D.1.(e){I) show the typical profiles of the wear scars of the coatings after ball-on-

disc wear test. Fig 5.D.1.(e)(I) (i) Shallow grooves are observed. There is crack

perpendicular to sliding direction within the coating is observed on the wear track.
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The explanation for this is when the plastic deformation of substrate is exceeded material
causes the formation of micro-cracks, where the intersection of these cracks results in
material removal after repeated sliding contacts. SEM micrographs Fig 5.D.1(e)(D)
()shows the formation of cracks transversal to the sliding direction. Similar results were
obtained by [70]. The deep degradation results from a crack propagation perpendicular to
the sﬁbstrate plane, leading to the formation of large debris. [80] (ii) indicates the intense
peak of Ti and weak peak of iron and oxygen indicating that Ti-N coating is intact. SEM
analysis at high magnification (iii) indicates incomplete removal of coating and absence
of the wear debris.

The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.1.(e)(II) shows the friction coefficient of the 4.0p Ti-N coatings with
the time when sliding against EN24 steel ring
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Fig 5.D.1(e)(I)Variation in COF(Coefficient of friction) with time for 4.0puTi-N after
wear testing.
The COF of 4.0p Ti-N coating is 0.284. SEM Fig 5.D.1.(e)(I) and COF values can be
related .The drop in the coefficient of friction in4.0p Ti-N ( Fig 5.D.1(e)(ID)(iii))is
associated with smoothing of the two hard surfaces experiencing plastic deformation. The
absence of adhesive wear and little or no third body interaction result in low friction

coefficients similar results were observed by [80,81]
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5.D.1 Comparision of COF for all thickness of Ti-N Coating
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5—>4 TiN

Fig. 5.D.1.(abede) COF Vs Time for all thicknéss of Ti-N coating after wear testing.
Increased friction between the contacting bodies not only reduces the mechanical
efficiency of tribosystem and increase frictional heating, but also influences distribution
of contact stresses in the near surface region. Increasing the friction coefficient of the
contacting pair will increase the maximum shear stress and move it towards the surface.
Accordingly, it is necessary to study the friction behaviour of various wear-resistant
ceramic coatings so as to take appropriate means to reduce friction of the contact
pairs.[76] ’
Typical curves of coefficient of friction vs. Sliding distance and time for all thickness is
illustrated in Fig. 5.D.1.(abede). The ‘changes in . wear resistance due to increase in
thickness is due to difference in hardness of resultant coating and the adhesive strength
between film and substrate. {11]
The initial wear was related to the surface state of the specimen,[2] and
microstructure.[82,83] The macroparticles existing on the sample surface played an
important role in this stage. All the coatings except 1.5n TiN had similar run-in friction

coefficient values. The friction coefficient of 1.5 TiN coating increase rapidly due to the
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presence of titanium-rich particles of rounded morphology and these particles have a
different distribution over the coatings surface. Metallic titanium adheres to the steel ball,
and therefore notably contributes to the increase in the friction coefficient value.[84]
Durihg sliding, changes in the conditions of mating surfaces occur which affect friction
and wear properties. After some period, the so-called “run-in,” “break-in” or “wearing-
in” period, the friction force generally stabilizes into what is called steady-state
sliding.[74] This wearing period is usually taken as the criterion for evaluating the wear
resistance of materials. The wider this period, the better the wear resistance.[2] In
general, friction is believed to be result from three components: adhesion, ploughing and
asperity deformation.

The increase in COF can be attributed to two effects which play in synergetic way .From
one side consumption of the protective layer leaves the surface more weak against wear
and on other hand debris produced increases COF. [74]

The 1.5 and 2.5 p TiN coating exhibited a different debris removing morphology from
the 3uTiN coating at the edge of the wear scar. The debris (tribo-chemical products) of
the 2.5p & 3p TiN coating was ejected out and accumulated around the edge, while the
debris of the 3uTiN coating was difficultly to be ejected out the wear scars. The
fluctuation of the COF of 3u TiN coating during the steady wear stage was probably
induced by the accumulation of debris on the wear scars and carrying the imposed load
caused from debris at the contact interface. [4]

Although COF of 2.0p Ti-N (0.235) thin film is lower than 4.0 p TiN(0.284) thin film,

the wear resistance of 4.0 TiN is better because of large steady state sliding.
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5.D.2 WEAR CHARACTERISATION OF ZrN THIN FILMS
5. D 2 (a) Wear Behaviour of 1.5p ZrN Thin Films
After the wear tests, the morphologies of each wear scar were observed by scanning

electron microscopy(SEM) (HITACHI 3400 and JOEL 5610LV) Furthermore, the

chemical compositions of the micro-zones inside the scars were characterized by energy

dispersive X-ray spectrum.

()SEM of wear track for 1.5 u ZrN (200X)

(ii)SEM of Wear Debris at 3000X
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(i)EDX analysis of 1.5 p ZrN at 200X

(iv)EDX analysis of 1.5 p ZrN at 3000X

Fig 5.D.2.(a)(DSEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X ) of 1.5u ZrN after wear testing.
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Fig 5. D. 2.(a) (I) show the typical profiles of the wear scars of the coatings after ball-
on-disc wear test. Fig 5. D .1.(a)(1) (i) shows a smooth topography, with relatively mild
wear exhibiting some micro-abrasion at the wear (ii) indicates the intense peak of Zr and
iron, weak peak of oxygen. SEM analysis at high magnification (iii) within the wear track
indicates that there are a lot of small cavities on the worn surface, which may be owing to
the grain-pullouts of the coatings, no deep mechanical plowing grooves can be
observed.[72] However crack is observed on the surface. Under the effect of applied
load cracks spread and chipping of large area of total coating may occur. EDX analysis at
high magnification shows intense peak of iron and weak peak of Zr indicating removal of

ZN coating.

The damage pattern indicates that plastic deformation occurred via adhesive wear.[71]
The friction coefficient values are different for the coatings depending on the time
travelled. Fig 5. D. 1.(a)(I). shows the friction coefficient of the 1.5 p ZrN coatings
with time when sliding against EN24 steel ring.
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HF‘ig 5D2 (a)(H)Variatioh in Coefficient of friction (COF )With time for 1.5 erN after
wear testing
The COF of 1.5 p ZrN coating is 0.519.Although amount of debris within the wear track
is low, the extensive plastic deformation in terms of éracks and flaky particle is -
observed. Since wear debris are less in case of smooth surfaces involving elastic

deformation with dominant adhesive component of friction.( Fig 5.D.2 (a)(II)).[74]
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5.D 2 (b) Wear Behaviour of 2.0 n ZrN Thin Fils

(i)SEM of wear track of 2.0 p Z1IN

(iii))SEM of Wear Debris at 3000X
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(iv)EDX analysis at 3000X

s

coating and wear track.

Fig 5. D2.(b)(DSEM(i & iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X) of 2.0 p Z1rN, (v) indicates presence of crack at the interface (mag. 2400X)
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Fig 5.D.2(b)(I) show the typical profiles of the wear scars of the coatings after ball-on-
disc wear test. Fig 5.D.1.(b)(I) (i) shows a smooth topography, with relatively mild wear
exhibiting some micro-abrasion at the wear (ii) indicates the intense peak of Zr and weak
peak of iron and oxygen. SEM analysis at high magnification (iii) the wear track of 2.0p
ZIN coatings revealed a rougher surface and the coating was worn seriously also micro
cracks and irregular shaped debris were present. The coating seemed to be very brittle,
delaminated completely and the damage is of fractural nature. Similar results were
obtained by [75] where in DLC film on alumina substrate using plasma immersion ion
deposition PIID process with Cr interlayer, Si was derived from silane SiH4 for the
interlayer within the wear track there were a lot of large irregular shaped debris.

SEM micrographs indicates that cracks have spread and chipping of large area of total
coating has occurred.[72] Since wear debris are within the wear track,. EDX analysis at
high magnification Fig 5.D.2.(b)(iv) indicates intense peak of Zr. Plate shaped particles
are observed in wear debris indicative of ploughing wear followed by repeated loading
and unloading fatigue as a result of nucleation and propogation of subsurface cracks or
plastic shear in asperity contact.[71] The damage pattern indicates that plastic
deformation occurred to some extent via ploughing and wedge formation. The results are
similar as obtained by [4] for SEM micrograph at interface between coating and wear
track. Fig 5.D.2.(b)(I) (v) indicates brittle type fracture going through compound layer
and the coating. Similar behaviour by was observed by T. Savisalo et al where in plasma
nitriding processes were carried out prior to the CrN/NbN PVD coating to attain high
surface hardness and enhanced load bearing behaviour for S154 and observed brittle type
fracture.[82]
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(1))SEM & EDX analysis of wear track of | (ii))SEM & EDX analysis at interface of 2.0p ZrN
2.0 ZtN )

Fig 5 .D.2.(b)(I1)SEM and EDX analysis of (i) wear Track and (ii) particle at interface

between wear track and coating

The Fig 5.D.2.(b)(Il) indicates that the within the wear track complete removal of
coating has occurred (absence of Zr peak)while at interface the debris consist of mixed
Zr-O-Fe of unknown sctiohiometry. _

The friction coefficient values are different for the coatings depending on the time
traveled. During the wear testing Fig 5.D.2.(b) (IIT) shoWs the friction coefficient of the
2.0p ZrN coatings with time when sliding against EN24 steel ring
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Fig 5.D.2.(b)(II)Variation in COF(Coefficient of friction) with time for 2.0 p ZrN thin

film after wear testing.

The COF of 2.0 p ZfN coating is 0.659.As shown in Fig 5.D.2.(b)(II) The value of COF

is very high and high wear is observed in case of 2u ZrN. Continuous increase in COF

and small fluctuations are observed. The increase in coefficient are attributed to two

effects which play in synergetic way, consumption of the layer leaves surface weak and

debris on wear track increases COF. [74] The cohesive failure of the coating, due to the

contact pressure applied by the substrate against it, produced an increased amount of

debris, and hence an increase in the friction coefficient values at the beginning of the

test.[70,78]
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5.D 2 (¢) Wear Behaviour of 2.5p ZrN Thin Films

(ii))SEM of Wear Debris at 3000X
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(i)EDX analysis at 200X

(v)SEM BSE at 3000X (vi) SEM image at 200X

Fig 5.D.2.(c)([)SEM(i& iii at 200X and 3000X) & EDX analysis(ii & iv at 200X &
3000X) ,(v & vi) BSE of the area within the wear track at 3000X and 2000X of 2.5pZrN
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Fig 5.D.2.(c)(1) show the typical profiles of the wear scars of the coatings after ball-on-
disc wear test. Fig 5.D.1.(c)(I) (i) shows a some region of smooth topography while in
other regions accumulation of wear debris occur near the interface (ii) indicates the
intense peak of Zr and weak peak of iron and oxygen. SEM analysis at high
magnification (iii) indicates that the wear track of ZrN coatings revealed presence of
plate shaped debris. Plate shaped particles are observed in wear debris indicative of
ploughing wear followed by repeated loading and unloading fatigue as a result of
nucleation and propogation of subsurface cracks or plastic shear in asperity contact.[71}
The EDX analysis at high magnification Fig 5.D.2(c)(iv) indicates intense peak of Fe and
less intense peak of Zr. Intense peak of Zr indicates that debris are located within the
wear track.

A backscattered electron image of the wear scar on the 2.5p ZrN coating(Fig 5.D.2(c)(v))
shows that the coating contains a series of fine micro cracks with a honeycomb structure.
The mobility of cracks is mainly governed by the stress field in the films. It is well-
established that PVD coatings are subjected to high internal compressive stresses which
can reach several GPa. [91] Cracks could also be the result of thermal stress differences
between the substrate and the coating upon cooling down from its high deposition
temperature. The thermal expansion coefficient of ZrN is 7.24X10°® while that for S.S is
10.4X10°[65]. This difference in thermal expansion might give rise to compressive
stresses in the films when samples are cooled down after deposition. The internal stress is
the most important characteristic value for the mechanical loading capacity and the
adhesive failure in the coating-substrate interface. Such cracks explain the coating
behaviour during both adhesion and wear tests. The cohesive failure of 2.51 ZrN coating
due to the contact pressure applied by the substrate against it, produced an increased
amount of debris, and hence an increase in the friction coefficient values at the beginning
of the test. [79] Similar behaviour was observed by S.J. Bulla etal [84] and Friedrich[89]
TiCN coatings on cemented carbide cutting-tool insert substrates deposited by MT CVD.
The friction coefficient values are different for the coatings depending on the time
traveled. During wear testing fig 5.D.2.(b)(IIT) shows the friction coefficient of the

2.5 p ZrN coatings with time when sliding against EN24 steel ring
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Fig 5.D.2 (¢) (Il)Variation in COF(Coefficient of friction) with time for 2.5 p ZrN after

wear testing.

The COF of 2.5u ZrN p coating is 0.616.‘As shown in Fig 5.D.2.(c)(II) The value of COF
is very high and hence high wear is observed in case of 2.5p ZrN. Continuous increase
in COF‘ and small fluctuations are observed. The increase in coefficient are attributed to
two effects which play in synergetic way, consumption of the layer leaves surface weak
and debris on wear track increases COF .[74] The cohesive failure of the coating, due to
the contact pressure applied by the substrate against it, produced an increased amount of

debris, and hence an increase in the friction coefficient values at the beginning of the

test.[84,25]
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5.D 2 (d) Wear Behaviour of 3.0 ZrN Thin Films

()SEM of wear track of 3.0 ZrN at 200X

(iii)SEM of Wear Debris at 3000X
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(iv)EDX analysis at 3000X

(i))EDX analysis at 200X
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(v) SEM of wear track of 3.0p ZrN at 700X

Fig 5.D.2(d)(I)SEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X) of 3.0 p ZrN (v) SEM image at interface at 700X
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Fig 5. D.2.(d)(1) show the typical profiles of the wear scars of the coatings after ball-on-
disc wear test. Fig 5.D.2.(d)(1) (i) shows a the accumulation of wear debris at the
interface between wear track and coating, (ii) indicates the intense peak of Zr and weak
peak of iron and oxygen. SEM analysis at high magnification (iii) the wear track of ZrN
coatings revealed presence of irregular shaped wear debris of fine size embedded within
the track indicating detachment of transferred fragment in adhesive wear and brittle
fracture.[71] The EDX analysis at high magnification Fig 5.D.2(c)(iv) indicates intense
peak of Fe and weak peak of Zr. Intense peak of oxygen indicating oxidation has
occurred. The SEM image ( Fig 5.D.2(d)(v) ) at 700X indicates presence of crack. This
may be due to compressive residual stresses within coatings and when subjected to wear

testing these stresses are relieved by forming cracks.

Fig 5.D.2(d)(INSEM of 3000 and EDX analysis at various point (i,ii and iii) after wear
testing.
The Fig 5.D.2.(d)(I1) EDX analysis of Wear Track at various points in 3p ZrN. EDX
analysis at various points indicates the presence of Silicon or zirconium at point 1, at
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point 2 and 3 peak of yttrium is obtained. Yttrium may have come from the Zirconium

target during film deposition.

The friction coefficient values are different for the coatings depending on the time

traveled during wear testing. Fig 5.D.2.(b)(IIT) shows the friction coefficient of the
3.0n ZiN coatings with the time when sliding against EN24 steel ring
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Fig 5.D.2.(d)(II) Variation in COF(Coefficient of friction) with time for 3.0 u ZrN after

wear testing.

The COF of 3.0 p ZrN coating is 0.213. The value of COF is very low. As shown in Fig

5.D.2.(d)(III) continuous increase in COF and small fluctuations are observed. Deep

mechanical plowing grooves and large scratched appearance on the substrate after wear

test which results in increase in COF. [74]
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5.D 2 (e) Wear Behaviour of 4.0 p ZrN Thin Films

(i)SEM of wear track of 4.0 pZrN at 200X (ii1)SEM of Wear Debris at 3000X
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Fig 5.D.2.(e)(SEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X ) of 4.0p ZrN
The Fig 5.D. 2.(e)(1) show the typical profiles of the wear scars of the coatings after ball-
on-disc wear test. Fig 5.D.1.(e)(1) (i) shows the shallow ploughing grooves on the surface
of specimen. EDX analysis (ii) indicates the intense peak of Zr and small peak of Fe and
oxygen. SEM analysis at high magnification (iii) within the wear track shows plate

shaped particles produced as a result of plouging and nucleation and propogation of
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subsurface cracks or plastic shear in asperity contact.[71] Microgrooves are formed
which are associated with crack nucleation on surface, subsequent crack propogation and
finally loose particles of large size are trapped and dragged along resulting in formation
of macrogrooves.[70]JEDX analysis at high magnification (iv) indicates intense peak of
iron and less intense peak of Zr and oxygen.

The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.2(e)(II) shows the friction coefficient of the 4.0p ZrN coatings with the

sliding distance when sliding against EN24 steel ring
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Fig 5.D.2 (e)(Il)Variation in COF(Coefficient of friction) with time for 4.0 p ZrN after

wear testing.

The COF of 4.0p ZeN coating is 0.489. The value of COF is low. As shown in Fig 5.D.2
(e)(ID)The increase is associated with ploughing because of roughening and trapped wear

particles. [74]
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5.D.2 Comparision of COF for all thickness of ZrN Coating
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5.D.2.(abcde)COF Vs Time for all thickness of ZrN coating after wear testing.

Typical curves of coefficient of friction vs. Sliding distance and time for all thickness is
illustrated in Fig 5.D.2.(abcde).The changes in wear _resistance due to increase in
thickness is due to difference in hardness of resultant coating and the adhesive strength
between film and substrate.

During sliding, changes in the conditions of mating surfaces occur which affect friction
and wear properties. After some period, the so-called “run-in,” “break-in” or “wearing-
in” period, the friction force generally stabilizes into what is called steady-state sliding.
[74] This wearing period is usually taken as the criterion for evaluating the wear.

The internal stresses within the coating contribute to the wear resistance of coating. As
~ indicated in XRD (5.B.2(i)),2 pand 2.5p ZrN coating are under high internal stresses due
to presence of (200) pIane in addition to (111) plane. Hence when these coatings are
subjected to sliding test, the quantity of the wear debris produced is large than coatings of
other thickness. Hard debris delaminated from the coating layers or the oxides which
were formed in the atmosphere are partly entrapped between rubbing surfaces. Friction
coefficients are related to the change of the wear debris contour. The three-body rolling
wear process enables the friction coefficients in the wear process fluctuating with large
amplitudes. Highest COF and hence highest wear was observed for 2 p ZrN. Similar
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result was obtained by P.Eh. Hovsepian et al [25] indicating that the increase 6f the
coefficient of friction can be correlated with the increase in the residual stress values in
the coatings, which promotes a brittle fracture. This is reflected in terms of large debris in
SEM at high magnification. ' |

Although lowest COF is observed in case of 3u ZrN (0.213), the COF continuously
iﬁcrease with time and no steady state region was observed. However 1.5p ZrN had low

COF(0.489) and long and steady wearing period.

5.D .2.1Composition of Wear Debris in Ti-N and ZrN thin Films:

It is a well known fact that the character of the wear debris (oxides), produced during
sliding contact, plays a very crucial role in determining the tribological behavior of °
sliding system in particular, the chemical nature of these debris particles formed during
sliding test (single, complex, stoichiometric, sub-stoichiometric, etc.) may have a
significant effect on friction and wear [85,86].In addition micro structural integrity of the
coating becomes extremely important. If the coating has a porous microstructure or has
internal stresses which are tensile, coating will wear faster.[87]

However, based on our limited surface analytical and structural work in this study, we
could not verify the presence and/or absence of such phases within the tribofilms.
Attempt has been made to correlate the literature and results obtained to determine
composition of wear debris. |

As indicated by P. Eh. Hovsepian et al [25] SEM observations and three-dimensional
profilometry in their studies they revealed that the ball track morphology produced in the
pin-on-disk test depends on the coating constitution and residual stress and is directly
related to the wear rate. Lower stressed stoichiometric coatings produce extremely -
smooth wear tracks, whilst the wear tracks of sub-stoichiometric or coatings deposited at
a higher bias voltage, even after short sliding distances, show deep grooving along the
wear track and higher wear coefficient. To understand the wear mechanisms involved in
dry sliding conditions of the hard ceramic coatings the structure and the composition of
the wear debris was further investigated by energy dispersive X-ray analysis EDX., X-
ray photoelectron spectroscopy XPS and Raman spectroscopy The investigation by {25]

revealed that the wear product released during dry sliding comprises of a mixture of
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oxides corresponding to the coating constitution, thus confirming that mainly an
oxidative wear mechanism was in force. The oxidative wear may be explained by the
high flash temperatures in the asperities an effect magnified by the high contact pressures
and low thermal conductivity of the ceramic coatings. Isothermal oxidation experiments
in the temperature range of 500° and 700° C showed oxide phases similar to those found
in tribo-testing. However, temperatures of this magnitude not only contribute to fast
oxidation but also significantly influence the properties of the formed oxides by
increasing the dislocation movement and therefore, the plasticity, or possibly even
exceeding the melting point of some oxides. Another interesting result concerns the tribo-
tester itself: is the removal of the wear debris by mechanical brushing during the pin-on-
_disc test led systematically to a significantly lower coefficient of friction typically,
p=0.18 to 0.23. This result demonstrates the strong influence of th;a wear products on the
wear behaviour of the tested materials. .
S Wilson et al[79]investigated the effects of atmospheric humidity and microstructure of
counter face materials on the formation of tribo-layers on TiN coatings. Pin-on-disc
sliding wear experiments were conducted on physical vapour deposition (PVD) TiN-
coated high speed steel (HSS) discs against HSS, mild steel and A356 Al-15% SiC pin
materials. They developed wear mechanism map, representing pin-on-disc dry sliding
wear of TiN coatings on HSS (AISI M2 HSS) disc substrates against AISI M2 HSS pins,
is shown in Fig. 5.D.1.2
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Fig 5.D.1.2.Wear Map for TiN thin films deposited on HSS

Comparing the wear track morphology in Fig 5.D.1.2 and that obtained in present
investigation, one tends to conclude that in this case the wear rates matches with Regime
II (a &b) (Fig 5.D.1.(d)(1)(Q)) and Regime IV (e) (Fig 5. D.1 (a) (I)(iii)).In Regime II
slight increases in either load or sliding speed inhibit the tribochemical reaction and
introduce a transition to significantly lower TiN wear rates. Increased transfer of Fe-rich
oxidized HSS pin material to the TiN results and can contribute to negative wear rates or
mass gain. The transferred material is white in appearance under BSE imaging, indicating
that it is comprised of the higher atomic number oxidized Fe, W, Mo, V, Cr from the
HSS pin with minimal presence of Ti. In the present case EDX analysis of 3p TiN Fig
(5.D.1.(c).(Il))shows white coloured wear debris corresponding to Fe-O. Regime IV
indicates the of rapid TiN wear, measurements by thermocouple probe of the HSS pin
indicate that the surface sliding temperature, 7b, reaches a temperature range of 150-200°
C. Regime IV which is associated with The softening of the HSS pin material, diminishes

its ability to remove the coating and mild wear of TiN ensues. This is accompanied by
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extensive transfer of heavily deformed Fe from the HSS pin to the TiN surface. The onset
of severe wear in the HSS pins correlates approximately with a 7b of 300°C.Thus it can
be confirmed that the temperature during the sliding wear of TiN coating ranges from
room temperature to 300° C.

LL. Singer [75], they performed Friction tests on TiN-coated substrates at low speed (less
than 0.1 m/ s) in air. Further optical (Nomarski) and scanning electron microscopy, Auger
electron spectroscopy and transmission electron microscopy (TEM) were used to
characterize the transfer films and debris generated during sliding against steel and
sapphire balls. Friction coefficients of steel against rougher (Ra =60-100 nm) TiN
coatings started and remained relatively high (0.5-0.7) owing to wear and transfer of the
steel. Their TEM analysis had identified that the debris to be mainly the ternary FeTi0;
(ilmenite) and Fe,0s, (hematite) phase for a steel ball. To further confirm and understand
chemical reactions responsible for generation of oxide debris from starting material,
quaternary phase diagram (considéring reactions between Ti-N & Steel in air) involving
four elements (Fe-Ti-N-O) and their compounds was used. The quaternary diagram
predicts that three phases for temp @300O C should form: Fe,0s, FeTiO, and TiO; These
phases, were same as that found by TEM in wear debris..

In the present investigation after compositional analysis intense peaks of Fe,Ti and O
were obtained indicating formation of Fe;0,,FeTiO; and TiO, may have occurred.
Considering the fact that experimental conditions for wear testing of ZrN &TiN is same
and also that TiN and ZrN are thermodynamically stable but are susceptible to oxidation,
which can be inferred from their heats of formation of TiN (80 kcal/ mol) and TiO, 219
keal/ mol), and ZrN (87.3 kca/l mol) and ZrO, (261.5 kcal/ mol). G.L.N Reddy et al [13]
carried out oxidation in dry oxygen or air in the temperature range of 300-1200°C.
Further as mentioned by [13] due to the gettering nature of Zr, the films may contain O.
The solid solubility of O atoms in Zr can be as large as 30 at.% and has a high diffusion
rate as well. When annealing was carried out at 350° C  for 5 hrs the measurements
showed that the distribution of N remained nearly identical to that observed in as-

deposited films i.e no oxidation has occurred.
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However when the annealing was carried out for different duration at 475° C oxidation
of ZrN results in the formation of monoclinic ZrO,.The quantity of ZrO, increased
progressively with the duration of annealing.[25]

The reactions that occur during oxidation are the formation of oxide layers on top of
nitride coatings. The transformation of a nitride to an oxide is accompanied by the
evolution of Nj:

ZIN+ 0,2 ZrO 2 + 1/2N

TiN+ 0,2 TiO, + 1/2N,

Similar results were obtained by Miloseva et»al[88] indicating that when oxidation of
ZrN was carried out at 350° C complete oxidation of ZrN does not occur and oxynitride
layer is formed .Certain amount of nitrogen remains trapped in the uppermost part of the
coating. Only with increasing temperature nitrogen is completely removed and pure oxide
layer is obtained.[88,89]

The SEM observation of wear tracks obtained in Ti-N indicates that temperature
generated during wear testing in present investigation is around 300° C. However the
dynamic conditions existing in the wear testing formation of Zr-O/Ti-0 during the wear
test cannot be concluded with confidence. The oxidation of coating not only depends on
composition but also on the microstructure of coating which further depends on the
processing conditions. A film with an open micn.)structure absorbed a large amount of
oxygen when exposed to air. The coatings consisting of coarse columnar grains should
have many voids and other structural defects, which can absorb oxygen. As the working
gas pressures are different, the collision rate between sputtered atoms and sputtering gas
atoms is-different. Since the mass of a Ti atom is almost half of Zr, the energy loss of Ti
atoms by collision should be larger than that of Zr. Increasing the loss of kinetic energy
of sputtered atoms will promote the coarse columnar (Zone I) structure. Furthermore, it
will induce the incorporation of oxygen in the deposition chamber due to the increment in
the mean time for arriving at substrate. The oxygen content, which influences in the
friction coefficient, depends critically on the microstructure. This effect is more

pronounced in the case of the TiN film due to a major presence of oxygen than in the ZrN

. film. [89-91].Hence in this research work formation of Ti-O may have occurred but

formation of Zr-O cannot be said with confidence.
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5.D.3 WEAR CHARACTERISATION OF ZrTiN THIN FILMS
XRD analysis indicates presence of more than one phase (Ti 2N and ZrN)As reported by

Hermann A. Jehn[92] presence of multicomponent improves properties of thin film

5.D.3 (a) Wear Behaviour of 1.5p ZrTiN Thin Films
After the wear tests, the morphologies of each wear scar were observed by scanning

electron microscopy (SEM))(HITACHI 3400 and JOEL 5610LV) Furthermore, the

chemical compositions of the micro-zones inside the scars were characterized by energy

dispersive X-ray spectrum .

¥

()SEM of wear track of 1.5 u ZrTiN

(ii))SEM of Wear Debris at 3000X
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(i)EDX analysis of 1.5 p ZrTiN at 200X

(iv)EDX analysis of 1.5 p ZrTiN at 3000X

Fig 5.D.3.(a)()SEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X ) of 1.5 p ZrTiN
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The Fig 5. D.3.(a)(I) show the typical profiles of the wear scars of the coatings after ball-
on-disc wear test.. Fig 5. D.3(a)(I) (i) shows the deep ploughing grooves on the surface of
specimen. The presence of this weardebris in the wear track resulted in a scratched
appearance on the substrate, and also an increase of friction coefficient. [94] EDX
analysis (ii) indicates the intense peak of Zr and less intense peak of iron and small peak
of Ti and oxygen. The atomic concentration of Ti and Zr depended on the background
pressure, though cathode currents were initially set to obtain equal fluxes of Ti and Zr
ions. While at all pressures the concentration of Zr is higher, the dominance of Zr at
higher pressure is even stronger. This behavior may possibly be explained by deflection
of the ions. The lighter Ti ion is more affected by the background gas nitrogen pressure
than the heavier Zr ion, resulting in a larger scattering of the Ti ions. [93] EDX analysis
of as received 1.5p ZrTiN indicates intense peak of Zr and less intense peak of Ti. (Fig
5.A.1.(iii)) Hence decrease in peak of Ti in Fig 5.D.3.(a)(ii) is not due to removal of Ti.
SEM analysis at high magnification (iii) within the wear track shows flaky and very fine-
grained submicron sized wear debris particles. Microgrooves are formed which are
associated with crack nucleation on surface, subsequent crack propogation and finally
loose particles are trapped and dragged along resulting in formation of
macrogrooves.[70]Fine shaped particles are observed in wear debris indicative of
ploughing wear followed by repeated loading and unloading fatigue as a result of
nucleation and propogation of subsurface cracks or plastic shear in asperity
contact.[74]EDX analysis at high magnification indicates the intense peak of iron and
small peak of Zr /Ti i .e removal of coating has occurred. The absence of nitrogen in the
debris indicated that the generated particles were thoroughly oxidized.

The damage pattern indicates that plastic deformation occurred to some extent via
ploughing and wedge formation. The results are similar as obtained by [11].Irregular and
fine wear debris are obtained within the wear track indicates detachment of transferred

fragment in adhesive wear and brittle fracture and irregular shaped. [74]
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Fig 5.D.3.(a) (1) SEM and EDX analysis at (i) interface and (ii) within wear track of
1.5p ZrTiN
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The Fig 5.D.3.(a)(II) (i) indicates that at the interface intense peak ‘of oxygen and
nitrogen is obtained on further proceeding within the track intensity of Fe increases
indicating its more amount, however intensity of oxygen decreases, further proceedirig
within the track intensity of iron decreases and intensity of oxygen, intensity of nitrogen
increase. EDS analysis revealed formation of Fe, Cr and O rich islands (e.g. iron oxides)
in the wear tracks of the examined coatings Fig 5.D.3.(a)(Il) (i) indicating adhesive and
oxidative damage on coating. These oxide islands may have formed due to mass transfer
from steel ring during wear testing similar results were obtained by [86]

The Fig 5.D.3.(a)(I1) (ii) EDX analysis of the particle within the wear track indicates at
up to certain distance composition of particle is constant however later there is decrease
in intensity of Fe and oxygen peak and increase in nitrogen peak hence oxy nitride of
varying compositions may have formed. Further sophisticated instruments are required to
determine exact composition of particles within wear track

As discussed earlier the temperature in wear track may be around 300°- 400° C and at

this temperature oxynitride may have formed.
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(i)Paricles within wear | (ii)EDX analysis at point 1 (iii))EDX analysis at point 2
track of 1.5 ZrTiN : '

Fig 5.D.3(a)(1I[) EDX analysis of particles within the wear track of 1.5 pZrTiN thin film
after wear testing.

As indicated in Fig 5.D.3(a)(ID(ii & iii),the wear debris obtained in the wear track
consists mainly of Fe and oxygen with varying composition as depicted in the point

analysis of two wear debris. Similar result were obtained by[4]
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The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.3(a)(IV) shows the friction coefficient of the 1.5 p ZrTiN coatings with

time when sliding against EN24 steel ring
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Fig 5.D.3 (a)(IV)Variation in COF(Coefficient of friction) with time for 1.5p ZrTiN

The COF of 1.5 p ZrTiN coating is 0.440 As shown in Fig 5.D.3 (a)(IV)the increase in
COF is associated with ploughing because of roughening and trapped wear pafticles[74}.

213



5.D 3 (b)Wear Behaviour of 2.0u ZrTiN Thin Films

()SEM of wear track of 2.0 ZrTiN (ii)SEM of Wear Debris at 3000X
Fulscale comm 782 F YY) Full seats m-;nm ™ M

H o Kim .50 ke

(i)EDX analysis at 200X ' (iv)EDX analysis at 3000X
Fig 5.D.3.(b)(DSEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &

3000X ) of 2.0p ZrTiN

Fig 5.D.3.(b)(D) show the typical profiles of the wear scars of the coatings after ball-on-
disc wear test. Fig 5.D.1.(b)(I) (i) shows the deep ploughing grooves on the surface of
specimen. Some region of wear track appears smooth due to the easy removing of debris
particulates from the contact surface. The debris (tribo-chemical products) of the coating

was ejected out and accumulated around the edge similar results were obtained by [94]
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for AICrN coating. SEM analysis at high magnification (in) within the wear track shows
flaky and very fine-grained submicron sized wear debris particles. Microgrooves are
formed which are associated with crack nucleation on surface, subsequent crack
propogation and finally loose particles are trapped and dragged along resulting in
formation of macrogrooves.[70]Fine shaped particles are observed in wear debris
indicative of ploughing wear followed nucleation and propogation of subsurface cracks
or plastic shear in asperity contact.[7[]The coating seems to be very brittle and
delaminated completely, and the damage is of fractural nature. [95]EDX analysis at high
magnification indicates the intense peak of iron and small peak of Zr/Ti i.e removal of
coating has occurred. The absence of nitrogen in the debris indicated that the generated

particles were thoroughly oxidized.

Fig 5.D.3 (b) (I1) Composition of Particle within the wear track after wear testing of
2 u ZrTiN at 3000X
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As indicated in Fig 5.D.3(b)(II) the figure can be divided in three stages in the first stage
there is high intensity of iron while intensity of oxygen remained constant, in the second
stage there is slight increase in intensity of iron whereas in third stage there is prominent
peak of Zr and Ti indicating that the complete removal of coating has not taken place and
that the adhesion of 2u ZrTiN may be better than 1.5pZrTiN. ‘

Furthermore, the relative amount of Fe ,Zr and Ti suggest a higher Fe content on the
oxidized layer, from which it can be supposed the formation of an iron oxide titanium

and zirconium oxide may have formed.
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Fig 5.D.3(b)(III) (i)SEM image at 2000X (ii) & (iii) EDX analysis of 2u ZrTiN at various
points :

The Fig 5.D.3(b)(Il) indicates that at point (1) macroparticle is removed and the Fe peak
is observed, although Zr and Ti is also present indicating that pore does not extent till the

substrate (2) macroparticle consisting of Zr and Ti is intact hence no Fe peak is observed.
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The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.3(b)(IV) shows the friction coefficient of the 2 i ZrTiN coatings with
time when sliding against EN24 steel ring.
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Fig 5.D.3 (b)(IV)Variation in COF(Coefficient of friction) with time for 2.0p ZrTiN after

wear testing.

The COF of 2.0 u ZrN coating is 0.442.As shown in Fig 5.D.3(b)(IV)The increase in
COF is associated with ploughing because of roughening and trapped wear particles.
Decrease in COF and fluctuation during the steady wear stage, is attributed to an

accumulation of wear products (debris) in the contact zone[74]
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5.D 3 (c)Wear Behaviour of 2.5p ZrTiN Thin Films

(i()SEM of wear track of 2.5 p ZrTiN (iii)SEM of Wear Debris at 3000X
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(i))EDX analysis at 200X (iv)EDX analysis at 3000X

Fig 5. D.3.(c)(DSEM(i& iii at 200X and 3000X) and EDX analysis(ii & iv at 200X &
3000X ) of 2.5 p ZrTiN

The Fig 5.D.3.(c)(I) show the typical profiles of the wear scars of the coatings after ball-
on-disc wear test.. Fig 5.D.1(c)(1) (i) shows smooth surface after the wear test. Some
pores corresponding to removal of macroparticle were observed. No peeling of the ZrTiN
coating was observed on the rubbed TiN coating surface. This suggests that the ZrTiN
coating deposited by arc ion plating has a high adhesion to the substrate. Similar

behaviour was observed by Fengqun Lang [2] when TiN coatings of 12 p with the
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thickness deposited by arc ion plating process on A3steel. EDX analysis (ii) indicates
intense peak of Zr and Fe. SEM at higher magnification Fig (iii) indicates presence of
very small irregular shaped debris. It seems that crack nucleation has occurred on the
surface, subsequent crack propogation and finally loose particles are formed. EDX
analysis at high magnification (iv) indicates decrease in peak intensity of Zr and Fe and
increase in peak intensity of oxygen, confirming oxidation due to tribochemical reactions

occurring during sliding tests.

25ZTN (1)

(i)

Full scale counts: 827 25ZTN |1]j>t3

Fig 5.D.3.(c)(1) ())SEM image at 2000X (ii) & (iii) EDX analysis of 2.5p ZrTiN at
various points
Fig 5.D.3(c)(Il) indicates compositional analysis of particles observed within the wear
track. At point (1) the debris is composed of Zr and Ti with very low Fe content

indicating that it is a intact macroparticle, composition at point (2) is high intensity of Fe
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and low ihtensity of Zr whereas composition at point (3) corresponds to high intensity of
Zr and less intense Fe peaks. At point (2) along with Zr and Oxygen peak is observed
indicating the oxidation of debris. Since intensity of iron peak is more it can be concluded
that FeOx may be present.

The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.3(c)(I1I) shows the friction coefficient of the 2.5 n ZrTiN coatings with

time when sliding against EN24 steel ring
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Fig 5.D.3.(c)(Ill)Variation in COF(Coefficient of friction) with time for 2.5p ZrTiN after
wear testing.

The COF of 2.5 p ZrN p coating is 0.464. As shown in Fig 5.D.3.(c)(Ill)The increase in

COF is associated with ploughing because of rdughening and trapped wear particles.

Decrease in COF and fluctuation during the steady wear stage, is attributed to an

accumulation of wear products (debris) in the contact zone.[74]
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5.D 3 (d) Wear Behaviour of 3.0p ZrTiN Thin Films

LS ik

(1)SEM of wear track of 3 jt ZTiN (ii)SEM of Wear Debris at 3000X
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(i))EDX analysis at 200X (iv)EDX analysis at 3000X

Fig 5. D.3(d) (DSEM(i& iii at 200X and 3000X) and EDX analysis(ii &ivat200X &
3000X ) of 3.0 u ZrTiN
Fig 5.D.3(d)(I) (i) shows grooves and smooth surface after the wear test. Grain boundries
corresponding to substrate is observed at some places. EDX analysis (ii) indicates intense
peak of Zr and Ti and less intense peak of Fe. Higher magnification Fig (iii) indicates
presence of very small irregular shaped debris. Cracks perpendicular to sliding direction
is observed. It seems that crack nucleation has occurred on the surface, subsequent crack
propogation and finally loose particles are formed. EDX analysis at high magnification

(iv) indicates decrease in peak intensity of Zr and Ti, increase in Fe peak intensity and
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intensity of oxygen, remains almost same indicating oxidation of wear debris may not

have occurred.

())SEM image of 3g ZrTiN at 500X (i))SEM image of 3p ZrTiN at 1500X
Fig 5.D.3(d)(11) SEM analysis of 3 pZrTiN within the wear track at (i) 500X and (ii)
1500X

Fig 5.D. 3(d) (II) (i) indicates intergranular fracture due to high amount of residual
compressive stresses within the coating. In (ii) only a small area of the coating is
removed at the pores of the coating. However, the remaining coating around the damaged
area still adhered well to the substrate. This was reason for low friction even though part
of the coating was removed. Similar results were obtained by K. Y. Lee R. Wei[93]
where in DLC FILM by plasma immersion ion deposition PHD process alumina substrate
with Si interlayer, Si derived from silane SiH4 for the interlayer.

As per K.Y Lee [93], the coatings exhibiting delamination perform better than coatings in
which brittle fracture occur. However as per M.D Bao [95] et al adhesion force or
bonding strength is a resistance against loading stress, so it is stress governed behaviour.
Nevertheless, the bonding strength between the coating layer and substrate competes with
the cohesion strength of the layer itself. Ifthe adhesion is very strong and can sustain the

loading stress effectively, the layer will get damaged rather than being delaminated.
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EDX analysis at point (1) EDX analysis at point (2)

Fig 5.D.3(d)(1II) (i)SEM image at 2000X (ii) & (iii) EDX analysis of 3.0 p ZrTiN at
various points

The Fig 5.D. 3(d)(Ill) indicates that at point (1)Particle composed of Fe and oxygen
Point (2) is composed of Fe, O and Ti but intensity of iron peak is low, indicating oxides
of Fe and Ti of varying compositions are formed.

The friction coefficient values are different for the coatings depending on the time
traveled. Fig 5.D.1(d)(IV) shows the friction coefficient of the 3.0pn ZrTiN coatings with
the time when sliding against EN24 steel ring
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Fig 5.D.3 (d)(IV)Variation in COF(Coefficient of friction) with time for 3.0 ZrTiN after

wear test.
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The COF of 3.0 p ZrTiN p coating is 0.246. As shown in Fig 5.D.3 (d)(IV)the oscillatory
nature of the friction data for may be the indication that the coating was being removed
however complete removal has not taken place due to high adhesion of coating with
substrate. Hard debris delaminated from the coating layers or the oxides which were
formed in the atmosphere are partly entrapped between rubbing surfacés. The three-body
rolling wear process enables the friction coefficients in the wear process fluctuating with
large amplitudes Since amount of debris formed is less increase in adhesive component is
the main reason for such fluctuations.[96,97]

However Since amount of debris formed is less increase in adhesive component is the

main reason for such fluctuations [65]

Fig 5.D.3 Comparison of COF for all Thickness 0f ZrTiN thin Films
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Fig 5.D.3.(abed)indicates the variation in COF with time for ZrTiN of varying thickness
during wear testing.

As indicated in the figure Fig 5.D.3(abcd) highest value of COF in the steady state

friction is observed in 2.5u ZrTiN. Corresponding SEM micrograph at high

magnification indicates formation of cracks. As indicated by Harish C. Barshilia et al

[97]high temperature generated during sliding test, oxide is formed and the volume of
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the film increases which induces stress in the film. This stress results in cracks, which
provide easier path for oxygen transport. |

Although COF of 3 p ZrTiN is very low(0.246) the fluctuating nature of COF results in
severe damage in the coatings.

The schiometric ZrTiN having single phase has been studied extensively by various
workers,[33-38] however based on the literature survey carried out,ZrN-Ti,N coating
has not being investigated yet. As discussed the wear performance is closely associated
with the resistance of coating to the oxidation. Oxidation behaviour of schiometric ZrTiN

was investigated by L Rebouta et al[98]
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Fig 5.D.3 (I) Variation of oxygen gain with temperature for (T1,Zr)N
As indicated in Fig 5.D.3 (I),the presence of Zr does not change significantly the oxidation of
‘the coating when compared with the oxidation of TiN It generally develops a homogeneous
oxide layer with a Zr to Ti atomic composition ratio similar to the ratio found in the as-
deposited nitride. The Arrhenius plot of the mass square of incorporated oxygen for
annealing temperatures between SOO and 600 °C is represented as a function of 1/T in Fig

5.D.3 (1) and indicates an activation energy of 219 kJ mol™..
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