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Abstract. Modulus of elasticity (E) and nano-hardness (H) of the TiCN coating
deposited on AISI H12 steel by plasma assisted chemical vapor deposition (PACVD)
have been measured from load—displacement curves, resulting from nano-indentation
testing. Stiffness (S) of the coatings has been evaluated from the indentation method.
A qualitative evaluation of interfacial strength between coating and substrate material
was also performed by indentation method. Results indicated elastic modulus and
stiffness of the coatings are in the range of 97.3-99.2 GPa and 67.8-70.6 MPam1/2
those are respectively lower and higher than those of the individual constituent
ceramics.
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1. Introduction

TiCN has received considerable attention as coating materials in the past for their inherent advantages
like high hardness and wear resistance [1-9]. However, due to low fracture toughness and high
modulus of elasticity, these coatings, when used individually, may not prove to be wise choices for
coating applications [10]. This beneficial property of ternary coating can be utilized to develop
coatings with high wear resistance coupled with high strength. Plasma-assisted coating is a surface
modification process characterized by high processing speed, controlled precision, and by its
applicability in case of most of the coating materials. High depositing rates attainable in plasma
processing give rise to extremely refined microstructures leading to improved mechanical properties
[6].

Extensive work has been done so far by various research groups, to develop novel coatings with high
hardness and high wear resistance by plasma surface engineering [11-17]. However, the major portion
of the research attention in this field is focused towards the characterization of microstructures,
determination of micro-hardness and the evaluation of triboligical behavior. The modulus of elasticity
(E) and stiffness (S) of a coating material are important properties that determine the mechanical
strength of the coating. In addition, induced residual stress of the composite coating is dependent on
the elastic modulus. For a coating, E changes according to composition of the material as well as the
processing technique adopted. As measurement of modulus of elasticity (E) is cumbersome and almost
impossible by utilizing conventional methods for such limited-area, low-thickness coating, and
nanoindentation technique is widely employed. Analysis of the indentation load—displacement curves
resulting from the nanoindentation test are effectively used in the evaluation of various mechanical
properties like hardness, modulus of elasticity, scratch resistance, residual stress, etc. [18]. Oliver and
Pharr [19] developed a mathematical model to evaluate nano-hardness and modulus of elasticity by
analysis of the indentation load—displacement curves resulting from the nanoindentation test. Most of
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the previous studies concerning determination of hardness and modulus of elasticity by
nanoindentation techniques were evaluated either on thin films [20-23] or on bulk ceramics or
ceramic composite materials [24-26]. Very few of the reported investigations [27-29] on the
evaluation of these properties were carried out on coatings developed by plasma technology. Biswas et
al. [27] calculated the hardness and Young’s modulus from aload—displacement graph using the
method proposed by Oliver and Pharr for TiN coating on Ti—-6Al-4V alloy developed through plasma
nitriding. Agarwal and Dahotre [28] determined modulus of elasticity and hardness using
nanoindentation technique for composite boride coatings developed by plasma surface alloying.
Elastic modulus values of the coating were correlated with the reaction(s) occurring within the coating
region due to different plasma processing conditions.

In the present work, the modulus of elasticity (E) and nano-hardness (H) of the TIiCN coatings have
been evaluated from load-displacement curves resulting from nanoindentation test assessed in
conjunction with the method developed by Oliver and Pharr [19]. Stiffness of the coating has been
calculated from the method developed by Evans and Wilshaw [32]. An attempt has also been made to
correlate the wear rate with H/E ratio of the developed coating.

2. Experimental

TiCN coatings with compositional gradients were deposited on a X4Cr5MoWSiV hot-work tool steel
substrate using a PACVD coating system equipped with a voltage-controlled pulse generator.

During coating, process parameters such as gas flow ratio, wall temperature, voltage duration of pulse-
on and pulse-off time and total pressure were monitored. Hz, Ar, N> and CH4 gases and TiCls vapor
were used as process gases for coating deposition. Total pressure was kept at 2 mbar and substrate
temperature was controlled at 470°C to avoid exceeding the tempering temperature of the hot-work
tool steel. Plasma nitriding was used as pre-treatment to decrease hardness gradient between substrate
and coating [17, 18]. The processing parameters for deposition are listed in Table 1. The N2/CH4 gas
flow ratio was defined CHs / (CH4+N2). The film morphology studied by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Hardness, elastic modulus and friction
coefficients of films were determined by nanoindentation test.

The nanohardness (H) and modulus of elasticity (E) have been calculated from the loading—unloading
curve using Oliver and Pharr analysis. In general, the hardness, H, is defined as the ratio of the peak
load, Pmax, to0 the projected area of the indented impression, A, i.e.

H= Pmax/A: and A = f (h:?) = 24.5hc? for Berkovich indenter, where hc is the contact depth at peak
load According to the analysis of Oliver and Pharr, h. can be determined from the following equation:

p
h, = B — & 1
C max 2 S ( )

Where hmax is the displacement measured at peak load. The second term on the right-hand side of the
equation represents displacement of the specimen surface at the perimeter of contact at peak load. The
term € is a constant related to the indenter geometry while S is the unloading stiffness at maximum
load. S can be calculated from loading—unloading curve as
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The term v, a correction factor due to lack of axial symmetry. The reduced modulus E; is defined as
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Where, Ei, vi, E: and v, represent the Young’s module and Poisson’s ratios of the indenter, i and
sample, s, respectively.

Hence, by determining the unloading stiffness (S) at the peak load from loading—unloading curve,
hardness (H) and modulus of elasticity (E) can be evaluated.

Atomic force microscopy (AFM) (Carl Zeiss supra-40) has been used to evaluate dimensions, area and
morphology of nanoindentation impression.
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Table 1. PACVD parameters.

Parameters Value
Pulsed voltage 650V
Duty cycle 33%
Temperature 470°C
PACVD time 120 min
CHy/(CHs+N2) flow ratio 50%
Total pressure 2 mbar
TiN coating temperature 470°C
TiN coating time 120 min
nitriding time 120 min
nitriding temperature 470°C

3. Results and discussions

Fig.1 shows the microstructures of the cross-sections of the coatings produced with voltage 650 W for
plasma and current 2 mA, respectively. It can be observed from these SEM images (Fig.1) that, for the
sample processed the microstructure exhibits considerable amount of porosity at the cross-section of
the coating.

a) b)
Fig.1.SEM photo-micrographs of transverse cross-sections of the coatings deposited with plasma (a)
cross section and (b) morphology.

Similar observations have been made by Zhao and Debroy [32]. Fig.1 shows the microstructures of the
coatings at the transverse cross sections observed under SEM at high magnification. Thus, the
deposition rate of the gas is relatively faster after the forming plasma media, which results in the
formation of finer microstructure. Similar phenomena have been observed by other research groups
[33-35].

Fig.2 illustrates the relation between the load and displacement during loading—unloading of the
indenter with 38mN loads on the coating deposited on AISI H12 steel. Corresponding calculated
values of E and H reveal that their variations with the applied loads were insignificant. Consequently,
to simplify the experimental conditions, all data obtained with 38 mN load has been considered for
property evaluation.
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Fig.2. Load—displacement curves during loading and unloading of the indenter with100 mN load for
TiCNcoating.

Fig.3 shows the AFM photomicrograph of the nanoindentation obtained with 38mN load on surface of
the composite coating developed. As evident from the micrograph, size of indentation is large and
appropriately covering various individual phases present inside the microstructure of the coating,
which confirms that the elastic modulus and nano-hardness values obtained are applicable for the
composite coating as a whole and not for individual phases.
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Fig.3. AFM image of nanoindentation obtained with 100mN load on polished top surface of the
coating.

Table 2 presents the average modulus of elasticity (E) and nanohardness values obtained from the
load-displacement curves (with 38mN load) for various coatings developed. E value of the coatings
was found to be within the range 96.3 — 99.2 GPa. It emerges that elastic modulus values of developed
coatings are considerably lower than those of individual ceramics. It is plausible that presence of some
meta-stable phases in the microstructure of the coating coupled with grain refinement due to rapid
depositing involved in the process may have resulted in reduction of E value of the composite coating
developed. Nanohardness (H) values of the composite coating obtained are in the range of 10.6 — 13.2
GPa. These results are observed to be quite similar to that of previously reported average Vickers
micro-hardness values obtained at the cross section of the TiCN coatings [38]. From these data it is
clear that the developed TiCN coating is exhibiting high hardness with low modulus of elasticity. It is
well known that maximizing coating hardness will be beneficial in terms of enhanced resistance to
plastic deformation. It has been found that [30] lower elastic modulus will be particularly beneficial,
especially if E can be adjusted to closely match that of the underlying substrate material, thus
minimizing coating/substrate interfacial stress discontinuities under an applied load, allowing the
coating to deflect in consideration with the substrate without cracking or debonding.

This is beneficial for the coating—substrate system as it reduces the possibility of residual stress
development at the coating—substrate interface. It has been found from the literature [30] that, a lower
value of the elastic modulus will be particularly beneficial for a coating, especially if E can be
adjusted to closely match that of the underlying substrate material, thus minimizing coating—substrate
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interfacial stress discontinuities under an applied load, allowing the coating to deflect in consonance
with the substrate without cracking or debonding.

H/E ratios for various coating microstructure have been calculated and plotted against processing
parameters employed. This could be possible due to greater extent of improvement in hardness of the
coating due to micro structural refinement accompanied with reduction in elastic modulus values, thus
indicating the possibility of tailoring the microstructure of the coating developed for enhanced
mechanical properties with better coating integrity and strength.

Stiffness values of the composite coatings calculated according to the model proposed by Evans and
Wilshaw [32] are found to be in the range of 67.8-70.6 MPam1/2 (as shown in Table 2). This range is
observed to be higher than that of monolithic Al.Os, TiB; or TiC materials and comparable reasonably
well with reported fracture toughness values of ceramic matrix composite developed by employing
some conventional processes. For the present case, TiCN coating exhibits higher fracture toughness
than the respective fracture toughness values of TiN,TiC[7].

Table.2 indicates that the strength of the bond between coating and interface is high. A similar study
was performed by Raimondi et al. [9] for a qualitative measurement of interfacial strength of the
coating surface interface for a TICN-Fe composite coating produced with plasma surface engineering
process.

Table.2: Hardness, modulus of elasticity (E) and fracture toughness values for some individual
ceramics and ceramic composites.

Coating | H E E/H | Stiffness Strength
(GPa) | (Gpa) (MPam1/2) | of bond
(MPa)

TiCN 11.6—- | 97.3—- | 7- 67.8-70.6 | 39.6
139 199.2 |855

4. Conclusion

The modulus of elasticity (E) of the developed coating has been found to be in the range of 97.3-99.2
GPa, which is lower than those of the individual monolithic ceramics. Hence, the difference between
the values of E of the developed composite coating and its substrate is relatively lower than those
between the ceramic coatings and their respective substrates. This leads to a distinct improvement in
coating quality as a low difference in the E values of the coating and substrate is beneficial for proper
coating—substrate combination. Nano-hardness (H) value of the developed composite coating is in the
order of 11.6-13.9 GPa and is found to increase with the increase in laser scanning speed owing to
refined microstructure. Fracture toughness of the coating is found to be in the range of 67.8-70.6
MPam1/2, which is higher than those of individual ceramics and compares well with some of the
reported fracture toughness values of ceramic coatings developed by adopting conventional methods.
Most notably, the wear rate of the developed composite coatings is found to have a decreasing trend
with increase in H/E values.
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