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elements such as W, Ti, Zr, etc. Zr-based hard coatings show good resistance to wear, erosion, and corro-
sion as well as exhibit high hardness, high temperature stability, and biocompatibility, making them suit-
able candidates for tribological, biomedical, and electrical applications.

Objectives: The present study aims to synthesize uniform and adherent hard Zr-based coatings that
demonstrate sound mechanical integrity.

Ilfleaj;l‘/;?;gse:ntation Methods: Stainless steel (SS316) samples were coated with single layers of Zr, Zr-nitride, and Zr-
ZIN carbonitride using magnetron sputter deposition technique. Deposition conditions were controlled to
ZCN produce each coating with two different thickness i.e., 2 and 3 pm. Calotest was employed to confirm
Magnetron sputter deposition coatings thickness. Scanning electron microscope fitted with energy dispersive x-ray spectrometer was
Hard coatings used to ascertain the morphology and elemental constitution of coatings. Cross-sectional samples were
Microstructure examined to ascertain coatings thickness and adhesion. X-ray diffractometer was employed for structural

analysis. Instrumented nanoindentation hardness and elastic modulus were determined with nanoinden-
ter. Ratio of nanohardness to elastic modulus was evaluated to observe the effect of coatings thickness on
tribological behavior.

Results: Three coating compositions were produced namely hcp-Zr, fcc-ZrN and fcc-Zr,CN. The highest
hardness and elastic modulus were shown by ZrN coatings while pure Zr coatings showed the lowest val-
ues.

Conclusion: All coating compositions were found to be relatively uniform, continuous and adherent with
no evidence of decohesion at the coating-substrate interface. Coatings produced in this study are thought
to be suitable for tribological applications.
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Introduction normal load was determined. Effect of carbon addition and film

Wear resistant hard coatings are used to increase the service
lifetime of cutting and drilling tools, biomedical implants, gas tur-
bine engines, and household items, which encompass several
industrial sectors such as manufacturing, oil and gas, power, med-
ical, and defense. Hard coatings are usually based on carbides,
nitrides and carbonitrides of transition metal elements such as
Ti, Zr, W, etc. Zr-based coatings are comparatively difficult to
deposit due to its relatively high melting point and low vapor pres-
sure. These are also susceptible to contamination by oxygen and
carbon during deposition process. For his reason, perhaps, compar-
atively smaller number of studies are found in the literature
regarding Zr-based coatings. Due to its structure and bonding, Zr-
based thin films exhibit high hardness, good biocompatibility, high
temperature stability, and good resistance to wear, erosion, corro-
sion and oxidation, rendering them suitable candidates for use in
tribological, nuclear fuel, corrosion-resistant, biomedical, electrical
and decorative applications.

Over the years, various properties of Zr-nitride coatings have
been investigated for a range of applications. It has been evaluated
for its microhardness, adhesion and wear resistance in tribological
applications and as a barrier material in integrated circuits [1-22],
erosion protection for turbine and compressor blades [23-25], bio-
compatibility [26], optical and electrical properties [27-28],
nuclear fuel element compatibility [29-31], and orientation depen-
dence, microstructure, composition and corrosion [32-40]. Influ-
ence of synthesis parameters on coating properties have also
been investigated [41-46]. Studies reported in the literature for
Zr-carbonitride coatings are less in number. Properties and appli-
cations explored for Zr-carbonitrides include corrosion and oxida-
tion resistance [47,48], composition, crystallinity and morphology
[49], synthesis parameters [50], characterization [51], and optical
[52] and biomedical [53-60] applications.

Hardness of Zr-carbide, Zr-nitride and Zr-carbonitride coatings
reported in the literature varies between 12 and 19.6 GPa, 20-29
GPa and 10-31.3 GPa, respectively. Hardness depends on the syn-
thesis technique, processing parameter, elemental concentration,
and structure of coating produced. It is complicated to measure
the hardness of coatings with small thickness due to the influence
of underlying substrate. Nanoindentation makes it possible to
measure small volumes of coatings by using small-sized indenters
and very low loads such that the depth of penetration is kept in the
order of tens or hundreds of nanometers only. Mechanical proper-
ties of coatings are determined without the need to visualize or
measure the size of the indent. Analytical models are used to
extract values of nanoindentation hardness and elastic modulus.

Magnetron sputter deposition technique produces adherent and
uniform coatings and is popular in industry due to its cost effec-
tiveness and reproducibility [61]. Relatively low temperature used
during deposition allows for synthesis of coatings with improved
properties.

In the present study, single layer coatings based on Zr, Zr-
nitride and Zr-carbonitride constitution were developed using
magnetron sputter deposition technique. Surface morphology
and structure of the coatings were studied using scanning electron
microscopy equipped with energy dispersive x-ray spectroscopy
and x-ray diffraction. Surface mechanical properties such as
nanoindentation hardness and modulus were measured using
nanoindentation method. Load-displacement curves were
obtained and the change in indentation hardness as a function of
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thickness was evaluated.

Materials and methods
Coatings synthesis

Single layers of Zr, Zr-nitride and Zr-carbonitride coatings (2
and 3 pum in thickness) were deposited on (100) Si wafers and
stainless steel substrates (16 mm dia. disc, 3 mm in thickness)
using magnetron sputter deposition technique. Coated Si wafers
were later broken to study the fracture morphology of coatings
in cross-section. Prior to deposition, the surface of stainless steel
substrate was polished using emery paper (from 240 to 2400 grit)
followed by mirror-polishing with a diamond suspension. The
samples were then ultrasonically cleaned for 10 min in distilled
water, followed by 10 min in ethanol and 10 min in acetone. There-
after, in-situ sputter etching was performed, using a constant cur-
rent of 480 mA for 900 s at 1.32 Pa Ar pressure. The coatings were
produced by unbalanced dual magnetron sputtering. Coatings
were deposited in reactive mode in Ar/N,/C,H, atmosphere, using
two rectangular highly pure (99.2%) Zr targets (200 x 100 mm?)
placed on unbalanced type-2 magnetrons. The substrates were
placed onto a rotational substrate holder using a matrix-like
configuration.

The parameters for producing Zr, Zr-nitride and Zr-carbonitride
were selected based on the composition, deposition rate and adhe-
sion properties of each coating. The Zr current density was set
between 1.8 and 2.0 A/cm?, while the argon flux, bias voltage
and chamber temperature were set to remain constant during
depositions, i.e., at 60 sccm, —50 V and 100 °C, respectively. The
base pressure, working pressure, target potential and other process
parameters employed for deposition of final coatings are reported
in table 1.

Three series of depositions were carried out to determine the
most suitable synthesis parameters to achieve optimum coatings
composition, thickness and adhesion. The parameters to deposit
the second and third series of samples were selected based on
the optimization carried out in the first series with some modifica-
tion to compensate for excess Zr due to utilization of a new Zr tar-
get. As a result, the Zr current density was decreased and the gas
fluxes were, in some cases, increased to attain similar composition
and thickness compared with the first series of samples. Deposition
rate was kept constant for each coating composition to enable an
objective comparison between two coatings thickness used. Depo-
sition rate decreased significantly for Zr-nitrides due to the intro-
duction of nitrogen into the chamber which serves to poison the
target and slow down deposition. The largest synthesis duration
of 2.36 hrs was recorded for 3 pm ZrN coating.

Materials characterization

A scanning electron microscope (SEM model: JEOL JSM 6610LV)
was used to examine the surface morphology of coatings. Second-
ary electron imaging was undertaken using SEM at an accelerating
voltage of 20 kV. Surface morphology of coatings was examined in
an as-received condition. The coated samples were cut with slow-
cutting diamond wheel to minimize damage to the coating and
mounted in cross-section using epoxy. This was followed by grind-
ing with 600 grit size SiC paper and polishing with 1 pm diamond
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Table 1
Designation, thickness and synthesis parameters used for each coating composition.

Sample  Coating Thickness Deposition @CH, ON, Time Base Pressure  Working Zr Target 1 Zr Target 2 Substrate

ID Composition  [pm] Rate [um h™']  [sccm] [sccm]  [s] [1 x 10Pa] Pressure Potential[V] Potential [V] Current [mA]

[Pa]

PN1 Zr 2.05 3.6+0.1 0 0 2080 7.0 0.55 301 349 242

PN2 Zr 3.07 3.6+0.1 0 0 3120 4.5 0.55 298 344 244

PN3 Zr-nitride 221 £0.04 1.40 +0.02 0 5700 4.3 0.54 335 376 246

PN4 Zr-nitride 33 1.40 + 0.02 0 8500 5.3 0.54 333 373 241

PN5 Zr- 2.17 £0.04 3.06 + 0.01 3.2 6 2250 4.9 0.55 348.4 411.4 2471

carbonitride
PN6 Zr- 3.12 3.06 + 0.01 3.2 6 3370 5.5 0.55 348.8 410.6 250.7

carbonitride

paste. The samples were sputtered with a thin layer of gold using a
gold coater in argon environment. Thin coating of gold enhances
surface conductivity of the sample and helps in reducing charge
build-up during examination in the SEM. Elemental constitution
of the coatings was determined with an energy dispersive x-ray
spectrometer (EDS model: Oxford 50 mm? Si(Li) detector) fitted
with an atmospheric thin window. Topography of Zr-based coat-
ings was examined using contact mode atomic force microscopy
(AFM model: Agilent 5500). An x-ray diffractometer (model:
Rigaku Ultima IV XRD) with Cu Ka radiation (A = 0.154 nm) was
used in 0:0 configuration (diffraction angle 26 range from 30° to
80°) to determine the phase constitution of coatings. Average crys-

tallite size was determined with Scherrer equation D = ﬁckﬁwhere k

is a constant with a value of 0.89, » = wavelength of x-rays
(0.154 nm), B is broadening of peak at its full width half maximum
(FWHM) in radians and 6 is Bragg’s diffraction angle.

Nanoindentation

A nanoindenter (Model: CSM Instruments) with a load range of
0.5 to 300 mN was used to undertake nanoindentation tests. A
sharp three-faced pyramid Berkovich diamond tip was employed
to enable penetration within small volumes. For each nanoindenta-
tion, tip was pushed into the sample at a fixed load and speed.
Indentation was carried out at loads of 10 and 20 mN with load-
unload speed of 20 mN/min. The time interval between load and
unload cycle was 60 s. Continuous monitoring of applied normal
load and displacement of indenter tip enabled plotting of load-dis-
placement curve for each nanoindentation cycle. Hardness was cal-
culated from the area of the indent which is derived from
established geometry and size of the tip. Various analytical models
have been put forward to calculate hardness and elastic modulus.
These methods include Oliver and Pharr method [62,63], the defor-
mation energy method [64-66], the force indentation function
method [67-69], the Joslin-Oliver method [70,71] and the energy
density method [72]. Most popular among these is Oliver and Pharr
method which was employed in the present study.

Nanoindentation hardness (H) can be defined as the resistance
to permanent deformation under an applied perpendicular load
and is given by:

H= ";‘"—pﬂx Pascalswhere

Pmax = Maximum perpendicular load.
A, = Projected contact area.

Elastic modulus (E) is given as:

2
11—
T 1 1-p?

E~E

where
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E; = Elastic modulus of the tip.

E. = Reduced modulus of the indentation contact.
v; = Poisson’s ratio of the tip.

vs = Poisson’s ratio of the test sample.

The values of hardness and elastic modulus data were obtained
from real-time normal load versus displacement plots as recorded
by the computer. Four indentations were taken at each load.

Experimental results
Coatings synthesis

Appropriate parameters for producing Zr, Zr-nitride and Zr-
carbonitride coatings were selected using different N, and C,H,
flow rates in order to alter the nitrogen and carbon content in
the films and determine the deposition rate and optimize coatings
composition. An example demonstrating such optimization is
shown for Zr-nitride and Zr-carbonitride coatings in Fig. 1a, where
change in flow rates of N, and C;H; resulted in different deposition
rates, composition and coatings thickness. The deposition rate of
coatings decreased when nitrogen was introduced into the pro-
cess; such a behavior is expected due to the poisoning of Zr targets,
while acetylene induced an increase in deposition rate compared
with Zr-nitride coatings, which is explained by the ability of carbon
to deposit directly onto coatings.

Less than 10 at.% oxygen was also detected as reported in
Fig. 1a. The presence of oxygen may be attributed to high base
pressure and atmospheric contamination of the deposition cham-
ber [73]. Accumulation of oxygen within the chamber may become
unavoidable at low deposition rates [74]. The films thickness
obtained were in good agreement with the target thickness, with
standard errors below 5%. A typical result is shown in Fig. 1b where
Zr-carbonitride coating (2 pm in thickness) was obtained at a Zr-
target current density of 1.8 A/cm2 and N, and C;H, flow rates of
6 sccm and 3.2 sccm, respectively.

It can be seen that the coatings exhibited primarily columnar
growth with some fine grains at the coating-alloy interface (see
Fig. 1a). This structure is typical of coatings formed with sputter
deposition process which is carried out under conditions of high
supersaturation giving rise to high nucleation rate and fine nuclei
size at the base [75]. This is followed by grain boundary motion
during coalescence and epitaxial growth giving rise to predomi-
nant columnar morphology observed in coatings studied here. This
type of growth is supported by Thornton model where defects due
to voided growth and atomic shadowing contribute to limited dif-
fusion on sample surface [76]. Columnar morphology of Zr-based
coatings has been reported in the literature [13].

Fig. 2 shows the relationship between target potential, chamber
pressure and gas fluxes with respect to deposition time. Changes in
targets potential and chamber pressure are clearly visible and are
controlled by the amount of nitrogen present in the chamber.
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The compositions showed were obtained with SEM-EDS.

The targets potential typically increases as gas flux is increased;
such an increment is explained by high reactivity of the surface
of target with nitrogen and acetylene, thus poisoning the target
surface for reactive magnetron sputtering. All coatings showed a
variation in the target potential depending on the amount of gases
introduced into the reactor.

The color of pure Zr coatings was silver grey, Zr-nitride was
bright gold and Zr-carbonitride carried a dull gold color. This is
in accordance with the literature where silver-colored metallic
coatings have been reported for high Zr and low nitrogen contents
[77,78]. Increase in nitrogen concentration in the coatings results
in the formation of stoichiometric Zr-nitride that exhibits golden
color [43,77,78].

The thickness of the coatings was evaluated using Calotest
method where a rotating sphere of 20 mm in diameter was used
at 900 rpm for 120 s to obtain the desired wear. The results are
included in table 1, while the typical image obtained for each coat-
ing composition is presented in Fig. 3abc. This test also offered a
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Fig. 1. (a) Change in flow rates of N, and C;H, gas changes the deposition rate which alters the composition and thickness of Zr-nitride (bottom 3 rows) and Zr-carbonitride
(top 3 rows) coatings. (b) High magnification SEM image showing 2 pm thick Zr-carbonitride layer obtained by controlling operational conditions within certain parameters.
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qualitative method to evaluate the coatings adhesion to the sub-
strates. The coatings that did not withstand the test were discarded
and the synthesis conditions were adjusted to deposit coatings
with improved adhesion. An example of the film failure after the
Calotest is shown in Fig. 3d. A Zr interlayer between the substrate
and functional layer was deposited for every composition in order
to improve the adhesion, employing thickness between 250 and
300 nm. The coatings thickness are calculated for both Zr interlayer
and the functional layer (Zr-nitride or Zr-carbonitride) where
applicable.

Materials characterization

Scanning electron microscopy

Surface morphology was studied by examining the top surface
of the coatings with a scanning electron microscope, as shown in
Fig. 4 (a-f). It can be seen that all coatings exhibited a fairly uniform
surface morphology. Coating grains were fine and spherical, which
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Fig. 2. Variables monitored during the sputtering process as a function of the deposition time. a) target and bias potential, b) chamber pressure and c) nitrogen and argon flux.

Fig. 3. Calotest images for a) Zr, b) Zr-nitride and c) Zr-carbonitride coatings. (d) Calotest image of a coating with poor adhesion.

corresponds with the columnar grain growth observed in Fig. 1. In
addition to normal grain growth, localized grain agglomeration
was also observed at the surface of thickening film promoted by
the coalescence of adjacent grains. Coatings with 3 pm thickness
showed relatively coarser grain size compared to those with
2 pum thickness for all coating compositions, as can be seen in table
2. This is due to grain growth that occurred in thicker (3 pm) coat-
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ings due to longer deposition times, which might allow adatoms to
rearrange by surface diffusion and cause the grains to be larger.
It is also evident from Fig. 4a and b that grain size of coatings
that are free of carbon and nitrogen is relatively large compared
to coatings that contain these additions (as seen in Fig. 4c-f). Inclu-
sion of carbon and nitrogen atoms within coatings serves to restrict
grain growth by limiting the mobility of adjacent grains conferring
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Fig. 4. High magnification SEM images of the top surface of coatings (a) Zr-2 pm, (b) Zr-3 pm, (c) Zr-nitride-2 pum, (d) Zr-nitride-3 pm, (e) Zr-carbonitride-2 pum, (f) Zr-
carbonitride-3 pm.

them with fine grain size. Grain growth in Zr-carbonitride coatings nitride to Zr-carbonitride was observed also due to the presence
with deposition time seems to be less significant due to the same of nitrogen and carbon in the film, as evident in high magnification
reason (see Fig. 4e-f). Densification of coatings from Zr to Zr- SEM images shown in Fig. 4 (a-f). Interstitial positions are filled due
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Table 2
Peak positions (20), identified phases and corresponding diffraction planes for each
coating composition of Zr, Zr-nitride and Zr-carbonitride.

Sample ID Peak position, Identified phases and Grain
20 (deg) corresponding size, nm
diffraction planes
hep Zr
PN1 (Zr, 2 um) 31.94 (100) 21.1
(PN1)
PN2 (Zr, 3 um) 34.86 (002) 23.1
(PN2)
36.48 (101)
47.98 (102)
56.85 (101)
63.51 (103)
68.66 -112
69.53 (201)
fcc ZrN
PN3 (Zr-nitride, 33.63 -111 9.9 (PN3)
2 um)
PN4 (Zr-nitride, 39.30 (200) 10.2
3 pm) (PN4)
56.37 (220)
67.70 -222
fcc Zr,CN
PN5 (Zr- 33.48 -111 7.6 (PN5)
carbonitride,
2 um)
PN6 (Zr- 38.86 (200) 7.6 (PN6)
carbonitride,
3 um)
55.97 (220)
67.39 -222
70.60 -311

to carbon and nitrogen diffusion reducing vacant spaces in the lat-
tice. This results in higher densification and comparatively
smoother morphology.

Fig. 5 shows cross-sectional SEM images of all coatings. It can be
seen that the target thickness were well achieved by deposition
conditions used. The Zr coating showed relatively high degree
porosity while Zr-nitride and Zr-carbonitride coatings appear
dense and pore-free. Typical EDS spectrum and x-ray mapping
image obtained from a coated sample using SEM are shown in
Fig. 6a and 6b, respectively.

X-ray diffraction

Zirconium nitride is a hard refractory ceramic material. It has
fcc cubic structure and exhibits covalent bonding. Zirconium car-
bonitride is a quasi-binary solid solution that is formed when C
and N atoms occupy the octahedral interstitial sites [79]. X-ray
diffraction spectra obtained from all coating compositions are
shown in Fig. 7. The phase constitution of coatings on samples
PN1 and PN2 were identified as hcp Zr, PN3 and PN4 as cubic
ZrN and PN5 and PN6 as cubic Zr,CN, respectively. The details of
peak positions for each coating is given in table 2. The formation
of ZrN and Zr,CN phases is corroborated by the elemental constitu-
tion detected using SEM-EDS analysis as shown in Fig. 1ab. Pure Zr
coatings showed (200) preferred orientation while ZrN and Zr,CN
exhibited growth preference for (11 1) planes. Zr,CN also exhibited
a strong peak for (200) plane. Peaks in Zr,CN shifted slightly
toward lower 20 values indicating increase in lattice parameter
due to incorporation of carbon at interstitial sites in the lattice
(see table 2). Preferred orientation of (200) in hcp Zr [77] and
(111) in ZrN coatings has been reported in the literature
[10,15,34]. As N, is introduced into the system, growth rate of
(200) is inhibited due to lattice distortion or interstitial site occu-
pancy by nitrogen atoms [77], resulting in (11 1) preferred orienta-
tion in Zr-nitride coatings. Preferred orientation exhibited by
coatings depends on various factors including energy of ions used
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in deposition, gas flow rate, deposition rate, substrate bias voltage,
substrate temperature, chamber pressure, deposition temperature,
synthesis technique, coatings composition and thickness, etc. [80].

Grain size of the coatings reduced from 23.1 to 7.6 nm as N and
C were introduced into the system. These values coincide with sur-
face morphology of the coatings observed through SEM in Fig. 4a-f.
As suggested earlier, carbon and nitrogen atoms restrict grain
growth within coatings resulting in fine grain size.

Atomic force microscopy

Spherical grain morphology observed for all coating composi-
tions using SEM was confirmed by two-dimensional images
acquired with AFM as shown in Fig. 8a-f. The grain size became
coarser and an increase in average surface roughness (Ra) was
observed as the coating thickness was increased from 2 to 3 pm.
The coatings also showed densification and smoother texture upon
inclusion of C and N. Addition of C reduces roughness in Zr-based
coatings as reported in the literature [81]. Also, (111) textured
ZrN exhibits smooth surface morphology [82].

Nanoindentation

Nanoindentation of all coatings was carried out at two loads,
e.g., 10 and 20 mN. For a typical plot, the change in applied normal
force (e.g., load) and the penetration depth (e.g., displacement) of
the indenter with time was obtained. The normal force was also
plotted against penetration depth for the same indent. Penetration
depth increased with load for all coating compositions and varied
between 145 nm (for ZrN) and 435 nm (for pure Zr). The penetra-
tion depth of the indenter for ZrN and Zr,CN coatings was within
the recommended value of 10% of coating thickness. The penetra-
tion depth for pure Zr coatings varied from 11 to 20 % of coating
thickness. This is due to the relatively low hardness exhibited by
pure Zr coatings. Surface mechanical properties such as nanoin-
dentation hardness and elastic modulus were calculated from
these plots using Oliver & Pharr (O & P) method [62,63]. Values
of nanohardness and elastic modulus obtained from each coating
composition at 10 and 20 mN loads are plotted in the form of a
bar chart in Fig. 9abc, respectively.

It can be seen in Fig. 9a that the lowest hardness was exhibited
by pure Zr coatings (5-6 GPa) while ZrN showed the highest values
of hardness (23-30 GPa). Zr,CN coatings had intermediate hard-
ness of 24-26 GPa. Keeping displacement of the indent to 10% of
the coating thickness serves to reduce the influence of the sub-
strate in hardness measurements. On the other hand, too small
an indent might prove to be comparable in size to sample surface
roughness compromising the accuracy of measurement. This will
introduce an error in measurement data. To avoid this error, pene-
tration depth is increased to at least 20x the surface roughness.
Usually, a compromise is struck between these two competing
conditions. At low loads, transition of the indented region from
elastic to elastic/plastic state makes measurement more compli-
cated [62]. Generally, for soft films on hard substrates, hardness
values increase with increasing penetration depths of the indenter.
For hard films on soft substrates, hardness will decrease with
displacement.

In our study, hardness of all coatings decreases as the load is
increased from 10 to 20 mN. At 10 mN, the contribution of SS316
substrate on coatings hardness is small. At 20 mN load, the influ-
ence of the substrate increases and results in lower hardness val-
ues for coatings. This indicates that the hardness of underlying
SS316 substrate is lower than that of coatings used in this study.
This is corroborated by the hardness values stated previously.
Decrease in hardness with an increase in normal load indicates
that the SS316 substrate yields at indentation depths smaller than
the thickness of the coating. The hardness of uncoated bare SS316
alloy substrate was measured to be 2.10 GPa further corroborating
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Fig. 5. Backscattered electron SEM images of cross-sectional samples for (a) Zr-2 um, (b) Zr-3 pm, (c) Zr-nitride-2 pum, (d) Zr-nitride-3 pm, (e) Zr-carbonitride-2 um, (f) Zr-

carbonitride-3 um.

the above observation. For a coating with larger thickness, the
influence of substrate on coating hardness becomes smaller. This
results in an increase in hardness for the ‘hard’ Zr coatings on ‘soft’
SS316 substrate at both 10 and 20 mN loads when coating thick-
ness increases from 2 to 3 pum.

Elastic modulus follows the trend shown by hardness and
decreases with normal load for all coatings (see Fig. 9b). It is higher
for ZrN and Zr,CN coatings with 2 um thickness. Hardness to mod-
ulus (H/E) ratio is a good indicator of mechanical integrity of coat-
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ings [83-85]. Increase in coatings thickness serves to increase H/E
ratio [86]. It can be seen in Fig. 9c that H/E values for ZrN and Zr,CN
coatings are comparable indicating similar degree of mechanical
integrity. Pure Zr coatings exhibit lower H/E values.

Hardness of ZrC, Zr-nitride and Zr-carbonitride coatings
reported in the literature varies widely. Hardness of Zr-carbides
is 12-19.6 GPa, Zr-nitrides 20-29 GPa and Zr-carbonitrides 10-
31.3 GPa. Hardness is affected by grain size, stoichiometry, defect
density, structure, residual stress, and preferred orientation of
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Fig. 6. (a) EDS spectrum and (b) X-ray maps of Zr and N obtained from the sample with ZrN coating (sample PN4). The atomic concentration of the sample coincides well with

the target composition.

the coatings which in turn depends on synthesis technique and
process parameters. Coatings with (111) texture are thought to
exhibit high hardness due to its increased resistance to deforma-
tion and high activation energy for strain rate [87]. Dense nanos-
tructured coatings are also believed to display high hardness
[88]. In the present study, the highest hardness was exhibited by
ZrN coatings which is thought to be due to its dense fine-grained
structure and (111) texture. Zr,CN coatings showed the lowest
grain size (7.6 nm) but its hardness reduced slightly compared to
ZrN coatings. This is attributed to inverse Hall-Petch effect where
grain size less than 10 nm exhibits decreased hardness due to grain
boundary sliding [89-93]. The effect of carbon on the hardness
depends on its concentration [94]. Increase in hardness has been
reported for small additions [95] while a reduction in hardness
was observed for lower Zr/C ratios [81].

Conclusions

In this study, Zr-based nitride and carbonitride coatings were
successfully produced via dc magnetron sputtering process using
various flow rates of N, and C;H, to control nitrogen and carbon
concentrations in the coatings. Continuous and adherent Zr-
based nitrides and carbonitrides with thicknesses set at 2 and
3 um were deposited by controlling appropriate synthesis param-
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eters. Elemental analysis confirmed the presence of carbon and
nitrogen in addition to Zr. Increasing the flow rate of N, resulted
in higher concentration of nitrogen in Zr-nitrides while similar
behavior was observed for carbon in Zr-carbonitride coatings. Pres-
ence of carbon and nitrogen inhibited grain growth and resulted in
more dense coatings. The morphological analysis revealed colum-
nar grains accompanied by growth inhibition. Spherical morphol-
ogy of surface grains and smooth texture of (111) planes upon
addition of carbon and nitrogen were confirmed with AFM two-
dimensional images. ZrN exhibited highest hardness (23-30 GPa)
due to its fine grain size, dense structure and (111) preferred
growth orientation. Zr,CN showed slightly lower hardness due to
inverse Hall-Petch effect. Pure Zr coating had the lowest hardness
(5-6GPa). Elastic modulus of the coatings followed the hardness
trend. In terms of elastic modulus and hardness, Zr-nitrides per-
formed better than Zr-carbonitrides for both coatings thickness.
Based on successful synthesis and attractive properties of Zr-
nitrides and Zr-carbonitrides, these coatings are considered poten-
tial candidates for tribological applications.
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