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Microstructure, properties and applications of
Zr-carbide, Zr-nitride and Zr-carbonitride
coatings: a review

Zirconium-based coatings have found important uses ranging from functional deposits on carbon fibers,

field emitters, nuclear fuel particles, and dental and body implants to protective layers on tool bits, roller

contacts, integrated circuits, and components exposed to high temperatures as well as aesthetically

pleasing decorative coatings on common household fixtures. These applications are made possible by

the remarkable properties of zirconium such as its high temperature ionic conductivity, corrosion
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resistivity, good wear resistance, elevated fracture toughness, and high hardness and strength. Zirconium
has thermal expansion and modulus of elasticity close to those of iron and steel, respectively. This paper
presents a review of the microstructure, properties and applications of Zr-carbide, Zr-nitride and

Zr-carbonitride hard coatings synthesized using various processing techniques. The discussion

rsc.li/materials-advances

1. Introduction

Zirconium carbide is a hard crystalline refractory ceramic
material. It has a metallic grey color and an fcc cubic rock salt
structure (Fm3m, space group 225). It belongs to the interstitial
metal carbide Group IV. Zr atoms are placed at the corners and
centers of faces while C atoms occupy the interstitial octahedral
sites. ZrC is sub-stoichiometric with C vacancies. The C/Zr ratio
varies from 0.65 to 0.98. Strong covalent bonding between Zr
and C results in a high melting temperature, i.e. 3530 °C. It has
high thermal and electrical conductivity comparable to that of
the Zr metal.

Zirconium nitride is a hard refractory ceramic material with
a light golden color. It has an fcc cubic structure similar to ZrC
but with a slightly smaller lattice constant. Both ZrC and ZrN
exhibit covalent bonding due to interactions between the 2p
state of the C/N and 4d state of Zr, resulting in Zr-C/Zr-N and
Zr-Zr bonding, but no C-C or N-N bonding. Both ZrC and ZrN
can accommodate non-metal vacancies and their non-
stoichiometric formula can be written as ZrC,_, and ZrN;_,,
respectively.

Zirconium carbonitride is a quasi-binary solid solution,
which is due to the carbon and nitrogen atoms occupying the
octahedral interstitial sites. J-Zr(C,N),_, denotes the solid
solution carbonitride with a B1 rocksalt structure (Fm3m, space
group 225). The other two phases are the hcp o(ZrC,N) and bcec
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presented in this article is deemed to be relevant to hard coatings in general.

B(ZrC,N). A three phase equilibrium triangle of é + o + f§ also
exists with a higher nitride composition of the Zr(C,N;_,),
phase.' Due to the structure and bonding, Zr-based coatings
exhibit a range of useful properties such as high hardness, high
temperature stability, biocompatibility, and good resistance to
wear, erosion, corrosion and oxidation, rendering them suita-
ble candidates for use in tribological, biomedical, corrosion-
resistant, nuclear fuel, electrical and decorative applications.
The application of ZrC as a coating on carbon fibers was first
reported by Killin et al. in 1975.> In the same year, tungsten
fibers were coated with ZrC using a flow-type quartz reactor by
Samoilenko and Pereselentseva.® ZrC coatings exhibited higher
temperature stability compared to the SiC-coated tri-structural
isotropic (TRISO) fuel particles.*” In 1993, reactive magnetron
sputtered ZrC coatings with high concentrations of carbon were
reported to exhibit hardness values as high as 5000 HV.®
Vacuum plasma sprayed coatings exhibited 1600 HV micro-
hardness.” Various studies that evaluated the tribological pro-
perties of ZrC form part of the related literature.®*'%'*2 Due
to its low work function (3.5 eV), it was used as a coating on
field emitters to improve the emission stability of field emis-
sion electron microscopes.'® ZrC was successfully coated on
roller contacts using the physical vapor deposition technique in
2004." ZrC coatings were also evaluated for biomedical appli-
cations so as to improve the corrosion resistance and hemo-
compatibility of implant materials e.g., SS316L"> and Ti.'®
It was also used to improve the biological safety of biomedical
NiTi shape memory alloys."”'® Due to its high electrical con-
ductivity and chemical inertness, potential use of ZrC in sliding
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electrical contacts such as brushes, microelectromechanical
devices, circuit breakers and motor vehicle starters has been
suggested."’

The potential of sintered ZrN material for use in machine
tools had been recognized from 1960 through the
1970s.29*123 gputtered ZrN was identified as a wear resistant
coating for tribological applications as well as a barrier material
for integrated circuit processing in the early 1980s,>%2%26:27:28
Erosion behavior of ZrN coatings was studied in 1988>° and
1990.%° Various studies were conducted on ZrN coatings in the
following decades to evaluate their various properties such as
tribology,*"3%33343%:3637:38 erggion,*****! adhesion,®" struc-
ture, composition, corrosion and oxidation,******** nuclear
fuel element compatibility,*®*”*® color of coatings,* influence
of synthesis parameters,”®**>>3 bio- and cyto-compatibility of
human body implants,>*>3>¢57:38:3960 gptical, electrical and
electronic properties,®"*>*>*%*> and modeling and computa-
tional analysis.®®%7¢

Various investigations on Zr-carbonitride coatings have been
undertaken to study synthesis parameters,® characterization,”®
and optical”! and biomedical applications.””®

It is comparatively difficult to deposit Zr-based coatings
compared to Ti- or Cr-based coatings using evaporation-
related physical vapor deposition (PVD) methods since Zr has
high melting point, low vapor pressure, and high contamina-
tion susceptibility by oxygen and carbon. As a result, fewer
studies exist in the literature about Zr-based coatings. This
paper presents a review of zirconium carbide, zirconium nitride
and zirconium carbonitride hard coatings used for various
applications. This study describes the tribological, anti-
corrosion, nuclear and biomedical applications of these coatings.
The words ‘coating’ and ‘film’ are used interchangeably in
this paper.

2. Properties of Zr-carbide, Zr-nitride
and Zr-carbonitride coatings
2.1 Grain morphology

The properties of coatings depend on their stoichiometry,
microstructure, crystallinity and preferred orientation, which
in turn depend on the growth parameters employed during
synthesis. The chemical composition of coatings has a direct
influence on the grain morphology and texture. Relative con-
centrations of Zr, C and N determine the phase constitution of
the coatings and the types and intensity of peaks observed in an
XRD spectrum.

For ZrC coatings produced with the chemical vapor deposi-
tion technique, a columnar morphology was observed at a
deposition temperature of 1300 °C while equiaxed growth was
reported at 1400 °C.%° In another study, ZrC columnar grains
with (220) preferred orientation were produced at a deposition
temperature of 1350 °C using the CVD technique.?' Zr-Nitride
coatings consisting of a columnar structure with crystallite size
varying from 14 to 42 nm were produced using arc evaporation.

This journal is © The Royal Society of Chemistry 2020
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A smaller crystallite size with a higher microhardness value was
observed at a lower deposition temperature.”

ZrC coatings produced with CVD exhibit a decrease in grain
size from 10 to 6 nm with an increase in carbon content from
44 to 66 at%.*> Super-stoichiometric composite ZrC,, + C
(zrC within carbon matrix) coatings show a spherical grain
morphology. Stoichiometric ZrC, , appears to be columnar and
flat with gaps and holes while sub-stoichiometric ZrC,
displays a fine micro-aggregate morphology with no obvious
boundaries.®**

RF magnetron sputtering at different bias voltages was used
to prepare ZrN films on tungsten carbide substrates.’” The
results indicated that a transition from a fine-grained poly-
crystalline structure to coarser grains (from 5 to 10 nm) with
twinning effects occurred as the negative bias voltage was
increased (from 0 to 20). Mass density also increased concur-
rently from 4.8 to 6 g cm ™. Better stoichiometry, minimal
oxygen contamination and (111) preferred orientation were
achieved at a bias voltage of —5 V.

Sub-stoichiometric ZrN with a deficiency of nitrogen gives
rise to relatively distorted crystallites showing broadened peaks
in XRD patterns. For instance, addition of large amounts of
oxygen within the ZrN structure can distort its crystalline
structure, introduce defects and promote the formation of an
amorphous structure.’” A decrease in grain size and an increase
in lattice constant are related to the presence of oxygen in the
coatings.®® These effects will appear as broadening of the
XRD peaks.

The grain size of ZrN films was reduced from 35.3 to 3.8 nm
when the substrate voltage was changed from floating to
—400 V using DC reactive magnetron sputtering.*® Zr;N, inter-
spersed in amorphous ZrN or Zr;N, was observed. A columnar
morphology with a film thickness of 800 nm was recorded.

The grain structure of hot pressed ceramic bulk ZrN was
studied using electron backscatter diffraction (EBSD) by Bao
et al.®* as shown in Fig. 1. It was reported that ZrN grains were
straight or smoothly extended with large particles (1 pm) of
Zr,ON, existing at the grain boundaries. Porosity and twinning
were also observed in the structure composed of 93.3% ZrN and
6.4% Zr,ON,. Preferred orientation of grains was not observed.
It was concluded that ZrN maintained its structural integrity
after irradiation with 4 MeV Au ion irradiation and can be used
for the design of advanced nuclear fuels.

2.2 Preferred orientation

Preferred orientation or texture in NaCl-type fcc metal carbides
and nitrides is governed by the conditions prevailing during the
process of film growth.®>#%%” The film texture is determined by
the lowest total energy conditions defined by a competition
between surface energy and strain energy.***® In this type of
structure, the (200) plane has the lowest surface energy while
the lowest strain energy is exhibited by the (111) plane.*
The film deposition parameters that influence the balance
between the surface and strain energy include reactive gas
flow rate, chemical constitution, stoichiometry, deposition
temperature, film thickness, substrate bias voltage, kinetic
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Fig. 1 Polycrystalline ZrN (a) backscattered image and (b) EBSD mapping including band contrast, phases, oxygen and crystal orientations of ZrN and
Zr,ON; crystallites with inverse pole figures. (Reproduced with permission from the source®*.)

energy of incoming particles, etc. Various studies from the litera-
ture are cited below to elaborate this aspect of Zr-based coatings.

Under synthesis conditions that use low kinetic energy
particles where the strain energy is small and the surface energy
is dominant, films grow in (200) preferred orientation. Use of
high kinetic energy particles, where the strain energy is large
and surface energy is less dominant, produces films with (111)
preferred orientation.?®°° An opposite trend was observed in
one study where ZrN coatings were noted to have (111) pre-
ferred orientation at 500 V beam energy, while the orientation
changed to (200) at 700 V energy using the ion beam assisted
deposition technique.*?

Similarly, the thickness of the film also affects the preferred
growth orientation. Beyond a critical film thickness, energy
conditions change. At a small film thickness, the surface energy
is dominant and gives rise to (200) texture. Beyond certain film
thickness, the strain energy becomes dominant and texture
changes to (111).%% ZrN thin films were produced using a DC
reactive magnetron sputtering process.*® It was observed that
thin films showed no preferred orientation while films with
higher thickness exhibited strong (111) preferred orientation.

ZrN coatings were deposited at different nitrogen partial
pressures using the DC magnetron sputtering technique.*?
Lower N, partial pressures of 7% and 11% produced ZrN with
(111) preferred orientation while high pressures of 14% and
28% produced coatings with (200) orientation. In another
study, a similar trend was observed. At low gas flow rates,
(111) orientation was dominant. With an increase in the flow
rate (i.e. with a change in the chemical constitution of the
coating), the preferred orientation changed to (200).>> The
increase of nitrogen flow rate increases the density of atomic
N or N, ions which favors the (200) texture.®

X-ray spectra obtained for ZrN, films deposited using
reactive DC magnetron sputtering with varying nitrogen flux

1014 | Mater. Adv., 2020, 1,1012-1037
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Fig. 2 Series of XRD spectra obtained for ZrN, films produced with RF DC
magnetron sputtering with various nitrogen flux levels.8* (Permission
pending).

ratios are shown in Fig. 2. It can be seen that at zero nitrogen
influx the crystal structure is Zr hcp phase (002) texture. At low
concentrations, nitrogen is present as an interstitial impurity in
solid solution in the hep lattice.** With increasing nitrogen

This journal is © The Royal Society of Chemistry 2020
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content, it changes to the ZrN cubic phase with predominant
(111) preferred orientation. Oxide phases are not observed.
An increase in nitrogen flux makes the ZrN(111) peak stronger
reaching its highest intensity at 1% nitrogen flux when stoi-
chiometric ZrN is formed. At still higher fluxes, the peak
broadens as the phase becomes amorphous. ZrN films showed
strong (111) preferred orientation. The (200) texture coefficient,
defined by the ratio of the (200) peak intensity to the sum of the
(200) and (111) peak intensities in the X-ray spectra, decreases
with increasing nitrogen flux at various DC powers employed.
It becomes the highest as the N/Zr ratio approaches stoichio-
metry. The authors have concluded that DC sputtering was
highly dynamically controlled and was dominated by fast
growing (111) planes. The growth rate of (200) was thought to
be inhibited due to lattice distortion or interstitial site occu-
pancy by excess nitrogen atoms.

The deposition temperature affected the texture which
showed (111) preference up to 300 °C. At a deposition tempera-
ture of 500 °C, the (200) texture became stronger.** Using CVD,
stoichiometric fce-ZrC coatings with a preferred orientation of
(111) were obtained at a deposition temperature of 1600 °C.”*
ZrC particulates produced with RF magnetron sputtering were
observed to grow in (111) preferred orientation at a growth
temperature, 75, of 400 °C. The morphology became smooth
as the temperature was increased.'® In another study, sub-
stoichiometric ZrC grains were found to possess a (200) texture
which became stronger after heat treatment.>

The dual cathodic arc ion deposition technique was used to
grow ZrN on glass and aluminum substrates.”® X-ray diffraction
patterns depicted mostly polycrystalline nature of the films,
with preferential orientation of (200) planes in the —100 V
to —300 V bias voltage range. For 70% nitrogen and at a
bias voltage of —400 V, the (111) orientation of ZrN films
predominated. The intensity of the (220) peak also increased
at a higher bias. It was stated that at higher bias voltages, the
coalescent energy of the adatoms for the growth of crystallites
with (111) orientation becomes available. Film growth with this
orientation serves to lower the increased strain energy.

In another study, it was observed that the preferred orienta-
tion for ZrN coatings deposited through the reactive magnetron
sputtering technique changed from (200) to (111) with increasing
substrate bias voltage, which was attributed to an increase in the
biaxial compressive stress.** A further increase in substrate bias
voltage to —400 V led to a phase transition from substoichiometric
to over-stoichiometric zirconium nitride with a Zr;N, structure
with high hardness. The thermodynamic calculation indicated
that the evolution of preferred orientation and phase transition
resulted due to a decrease in the strain energy.

ZrN(111) and ZrN(200) coatings were produced using arc
evaporation.*® The crystallographic orientation of the coatings
was thought to be influenced by the bias voltage, chamber
pressure and deposition temperature. Low voltage (<100 V),
low pressure (<2.4 Pa) and low temperature (<350 °C) pro-
duced ZrN with (200) orientation.

Synthesis of Zr;N, is also reported in the literature.
Zr;N, has potential applications in mechanical, optical and

94,95,96
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A high negative substrate voltage
of —400 V has been shown to form over-stoichiometric Zr;N,
phase using DC reactive magnetron sputtering.*® The grain size
of ZrN films was reduced from 35.3 to 3.8 nm when the
substrate voltage was changed from floating to —400 V. The
nanocrystalline phase was Zr;N, interspersed in amorphous
ZrN or Zr;N,. Cross-sectional SEM images show a columnar
morphology with a film thickness of 800 nm. A high deposition
rate with large nitrogen content is also known to produce the
Zr;N, phase.

ZrYN coatings with 0 to 15 at% yttrium in the targets were
deposited using DC magnetron sputtering.> Yttrium atoms
substituted zirconium atoms in the Zr-N lattice forming a ZrYN
solid solution. The preferred orientation changed from (200) to
(111), which was attributed to limited adatom diffusivity
on (111) surfaces. This leads to larger cation residence times,
and consequently, increases the probability of incorporating
a higher number of cations on (111) compared to (200) oriented
grains.'® Yttrium addition did not have an effect on grain
size which was measured to be between 44 and 5 nm. This
is expected of composite targets that result in a uniform
deposition rate. Also, the (111) and (200) peaks shift to lower
angles in XRD spectra indicating an increase in lattice para-
meter. The atomic radius of yttrium is larger than that of Zr.
Substitution of Zr atoms by yttrium atoms changed the lattice
parameter.

2.3 Hardness

Hardness is controlled by many factors such as preferred
orientation, residual stress, grain size, defect density, stoichio-
metry and structure of the coatings which is turn depend
largely on film growth conditions and process parameters
including the synthesis technique, substrate bias, growth tem-
perature, etc. The coating technique influences the structure of
films, which in turn affects the mechanical properties of
coatings.®” For instance, cathodic arc ion plating drives ions
with high energy and momentum onto the growing film, which
displaces atoms and produces a large density of point defects
and lattice distortion. Grain growth is hindered due to contin-
uous bombardment of incident ions producing fine grain size
in a state of stress. The density of defects influences the texture
and mechanical properties of the film. Hardness increases as
the negative substrate bias is increased because it leads to the
generation of a larger number of point defects. Similarly,
hardness shows an increasing trend with the (111) texture
coefficient which in turn is produced due to the high density
of point defects generated by increased negative bias. Highly
textured films show lowered grain boundary mobility as the
latter’s degree of coherency increases, thus increasing the
resistance to deformation. The grain growth in textured films
is also lower compared to that in randomly orientated films."**
It has also been suggested that textured nanostructured mate-
rials may have high activation energy for the strain rate'®* and
higher resistance to deformation when a load is applied sug-
gesting that the hardness could increase with increasing degree
of texture in films.

Mater. Adv., 2020, 1,1012-1037 | 1015
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The relative role of point defects and texture in coatings
was evaluated by Tung et al.®” ZrN coatings produced using
cathodic arc ion plating were heat treated which resulted in
36-49% decrease in hardness, from 29.8 to 15.2 GPa in one case
while the (111) texture coefficient dropped only by 4% from
0.95 to 0.91. Such a small decrease in texture coefficient could
not have been responsible for the significant decrease observed
in hardness values. On the other hand, the defect density of the
films was drastically lowered (i.e., reduced by half) upon heat
treatment as represented by pronounced relief of intrinsic
residual stresses. It was concluded that point defects were
primarily responsible for the hardness of the coatings.

Nanoindentation hardness values of above 40 GPa were
recorded for nanocrystalline ZrC coatings (6-20 nm grain size)
under residual compressive stress prepared at substrate tem-
peratures higher than 300 °C using the pulsed laser deposition
technique."® It was concluded that high hardness values are
achieved for highly dense and nanocrystalline coatings. It was
proposed that a highly dense nanostructured coating inhibits
sliding or rotation of crystallites due to the lack of free space,
thus giving rise to high hardness values.

In another study of ZrN films grown using dc magnetron
sputtering, the intrinsic stress was 0.05 GPa (tensile) at floating
voltage. At a substrate voltage of —80 V, it was compressive,
—4.67 GPa. At —400 V, it was measured as —11.86 GPa.>* The
hardness of ZrN films increases with an increase in negative
substrate bias. At —160 V the hardness is 26 GPa. At —320V, the
hardness decreases to 22 GPa even though the compressive
stresses increase indicating that stress hardening is not respon-
sible for the evolution of hardness. The grain size decreases
with an increase in substrate voltage to values of less than
10 nm at >—160 V. The hardness of the film decreases with a
decrease in the grain size, which was attributed to intergranular
deformation by grain boundary sliding (inverse Hall-Petch
effect).!0410>106:107,108 At 400 V, the hardness increases to
28 GPa. High hardness at —400 V was attributed to phase
change from ZrN to Zr;N,.

Smooth and compact ZrC coatings (600 nm in thickness,
grain size 10 nm) were obtained on sand blasted pure titanium
substrates using pulsed laser ablation.”® The deposition tem-
perature was room temperature or 500 °C. Intrinsic hardness
of the films decreased from 20 to 17 GPa with an increase in
substrate temperature and molecular weight of carbides.
In another study,'® it was observed that an increase in growth
temperature from ambient to 400 °C did not affect nano-
indentation hardness and elastic modulus.

Hardness increases with methane partial pressure, which
increases the content of C.° The magnitude of hardness
increase depends on the Zr/C ratio employed.'®® Carbides are
usually harder but more brittle than nitrides. Multilayered
coatings are harder than single layer coatings. Hardness is also
affected by the period of bilayers in multilayered coatings.
Hardness depends on the relative amounts of ZrC, and amor-
phous carbon present in the structure of coatings. A larger
amount of amorphous carbon reduces the hardness of the
coatings.'*’

1016 | Mater. Adv., 2020, 1,1012-1037
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Schmid factors for NaCl-type nitride coatings are 0, 0.25, and
0.5 for applied loading on the (111), (220), and (200) planes,
respectively. Consequently, the (111) plane is harder than other
planes owing to its lowest Schmid factor.'* ZrYN coatings were
deposited using DC magnetron sputtering.>® The indentation
hardness of the coatings first increases from 19.7 GPa to
24.1 GPa with increasing yttrium content up to 5 at%. The
increase of hardness was attributed to the solid solution effect
(due to yttrium alloying) and geometrical strengthening mecha-
nism based on plastic deformation (more prominent (111)
orientation). The hardness decreased to 20.9 GPa with a further
increase in yttrium content up to 15 at%. This was related to the
presence of high oxygen content in the coating.

The hardness increases as the (111) texture coefficient
increases.®® However in one study, the opposite trend was
observed. An arc evaporation process was used to produce
ZrN(111) and ZrN(200) coatings consisting of a columnar
structure with crystallite size varying from 14 to 42 nm.*® The
microhardness of the coating was influenced by crystallo-
graphic orientation, microstrain and crystallite size. The micro-
hardness was found to decrease with increasing Ij;11)/I(200) Tatio
once greater than 10. The crystallite size controlled the micro-
hardness, which was inversely proportional to crystallite size.
The microhardness of ZrN(200) was observed to be generally
higher than that of ZrN(111). This was attributed to the finer
crystallites formed in ZrN(200).

Cathodic arc evaporation was used to prepare ZrN, TiN and
ZrTiN coatings.®® ZrN and TiN had comparable hardness
values, i.e., around HV 2050, while ZrTiN exhibited hardness
of HV 2590. ZrN was found to be brittle and showed lower
resistance against cohesive failure compared to the other two
coatings.

2.4 Residual stresses

The origin of total residual stresses in thin films is due to a
combination of thermal stresses and intrinsic residual stresses.
The thermal stresses are produced due to the difference in the
thermal expansion coefficient between the film and substrate
material, which can be calculated. The intrinsic residual stres-
ses are generated due to the incident energetic particles
impinging on film surfaces during deposition and are calcu-
lated by subtracting the thermal stresses from the total residual
stresses.®” Preferred orientation influences the type and mag-
nitude of stresses produced, which in turn affects mechanical
properties and electrical resistivity of materials.®*''* Chemical
constitution, substrate material and substrate voltage affect the
type and magnitude of stresses produced. The compressive
residual stress may increase hardness due to higher resistance
to plastic deformation during indentation.®*'"?

The lattice parameter value of random, stress-free and
stoichiometric ZrN powder is 0.5585 nm. Slight changes in
the lattice parameter could be attributed to residual stresses,
impurities and small crystallite size (peak broadening). ZrN
coatings were produced on various substrates such as Incoloy
825, Hastelloy C22 and Titanium grade 12 using cathodic
arc sputtering.®> Coatings with compressive bi-axial in-plane

This journal is © The Royal Society of Chemistry 2020
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stresses ranging from 2.69 to 4.06 GPa were obtained. It was
stated that high residual stresses in the ZrN film were gene-
rated during growth due to the high bias and consequent high
impact energy of the incident Zr ions. These residual stresses
were attributed to intrinsic growth stresses and stresses gene-
rated because of thermal expansion mismatch between the
substrates and the coatings. In another study,** ZrN film was
grown using dc magnetron sputtering. The intrinsic stress was
0.05 GPa (tensile) at floating voltage. At a substrate voltage
of —80 V, it was compressive, —4.67 GPa. At —400 V, it was
measured as —11.86 GPa.

In another study of ZrN films synthesized using hollow
cathode discharge ion-plating,®® the residual stress was com-
pressive. The residual stress of ZrN deposited on 304 SS was
about 4 GPa higher than that of ZrN on Si substrate specimens.
At the deposition temperature (450 °C), Si is harder than SS 304
steel. Therefore, it is comparatively difficult to introduce
defects (and therefore stress) in the Si surface than in SS 304.
For this reason, Si exhibits lower residual stress compared to
SS 304 at any given nitrogen flow rate. On the other hand, a
higher flow rate was required for Si to exhibit the same level of
residual stresses shown by SS 304 steel. Since no phase trans-
formation was observed during the growth process, the residual
stress was composed of thermal stress and in-grown stress. The
calculated thermal stress of the ZrN/304SS specimen was
1.69 GPa higher than that of ZrN/Si. The remaining residual
stress could be accounted for by in-grown stress that depends
on the substrate temperature, gas pressure and substrate
bias.’™* In another study,®® the substrate bias and temperature
were fixed, indicating that the nitrogen flow rate was the main
factor responsible for the generation of in-grown stress. The
nitrogen flow rate was correlated with the ability of the Zr ions
to impinge upon the substrate to produce defects that results in
the development of stresses. As the flow rate is increased to a
certain level, the probability of Zr ions interacting with gas
molecules increases, thus decreasing the energy of Zr ions. This
lowers the impingement effect of Zr ions on the substrate,
lowering the in-grown stress.

In one study, the total residual stresses in ZrN coatings
produced using a cathodic arc ion plating process were highly
compressive, ranging from —11.6 GPa to —13.9 GPa and were
thought to be due to the atomic peening effect. The thermal
stresses were —1.65 GPa and —3.8 GPa for as-deposited and
heat treated samples, respectively.®”

ZrC films have been reported to show compressive stresses
which change with carbon content. For instance, when carbon
was increased from 44 to 88 at%, compressive stress increased
from —0.4 GPa to a maximum of —1.4 GPa.'"’

2.5 Crystallinity, roughness and adhesion

The X-ray diffraction technique is used to measure the degree
of crystallinity of coatings. Sharp symmetrical peaks in the XRD
spectrum represent a crystalline sample. A shift away from the
peak position of the target material or powder standard repre-
sents the presence of stresses. A shift toward the standard peak
indicates stress relaxation."*® Crystallinity of ZrN coatings
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measured by FWHM of XRD peaks was observed to improve
with increasing negative bias voltage in the cathodic arc ion
deposition process.®” It was indicated that a high bias voltage
increased the energy and momentum of ions in turn increasing
the momentum transfer or energy condensation. This leads
to an increase in adatom mobility and atomic diffusion,
furthering the movement of adatoms to the equilibrium lattice
sites and thereby improving the crystallinity of the coatings.

In another study, it was observed that at a carbon content of
88 at%, the crystalline ZrC, phase disappears and only amor-
phous carbon (a-C) remains."'® High C/Zr ratio in ZrC films
reduced roughness and produced smooth ZrC coatings."*® Root
mean square roughness of the ZrN films follow the I00)/I111)
ratio."'® Close packed planes such as (111) are smoother
compared to the (200) planes. The highest roughness is
recorded when a stoichiometric film is formed. Amorphous
films depict low roughness.

The dual cathodic arc ion deposition technique was used to
grow ZrN on glass and aluminum substrates.’® The films were
smooth at a lower bias of —100 V, which was related to better
compactness and quality of the film due to high energy
imparted to the substrate by ions. The roughness increased
slightly at a higher bias voltage possibly due to (increased)
preferential re-sputtering of zirconium-rich clusters/islands.
ZrN(111) orientation showed low roughness.

Improved adhesion was observed for ZrC coatings deposited
at 200 °C and 400 °C compared with those deposited at ambient
temperature.'® The ZrN films were deposited on M2 steel using
an arc vapor ion deposition process.'’” Scratch test results
show that adhesion and film strength varied inversely with
microhardness. The load required for lower critical failure
increased as the bias voltage was increased. Hertzian cracking
(fine cleavage diverging radially ahead of the indenter tip) was
observed initially at loads of 5-20 N. Buckling, rippling and
smearing without pulverization, all signs of lower critical
failure were observed within the 30-60 N load range. Chipping
and flaking were found within and at the edge of the groove due
to cohesive and adhesive failure. Upper critical failure with
exposure of the underlying substrate occurred at loads >90 N.

In another study, ZrYN coatings were synthesized using DC
magnetron sputtering.>® Scratch failure modes included chip
spallation on the side of the tracks, wedge spallation, and
finally substrate exposure. These are considered common
adhesion failure modes for coatings."® Yttrium addition
improved adhesion of the ZrYN coatings with the critical load
increasing from 2.8 N for the ZrN coating to 7.6 N for the ZrYN
coating.

2.6 Wear resistance

An earlier study on the subject concluded that the wear of a
ZrN-coated drill was slower than that of a TiN-coated drill.""*®
The number of holes drilled before failure for the ZrN-coated
drill were three times higher than that for the TiN-coated drill.
In another study, tools coated with ZrN using the cathodic arc
deposition process performed six times better than uncoated
drills and 30% better than TiN-coated drills."*°
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Friction and wear properties of TiN, ZrN and CrN coatings
prepared using cathodic arc deposition were evaluated.*®
All coatings exhibited a low degree of wear compared with that
of the Inconel 718 substrate. The best wear performance was
exhibited by CrN followed by ZrN and then TiN. At 500 °C, the
wear performance of ZrN and CrN was comparable to and
better than that of the uncoated couple, respectively.
At 600 °C, the wear performance of CrN was markedly better
than that of ZrN. Adhesive, oxidative and chemical wear
mechanisms were responsible for the coating removal. Self-
lubricating amorphous carbon is linked to the improvement in
the friction coefficient and wear resistance of ZrC coatings."*°

Zirconium nitride coatings were deposited on AISI 1045 steel
substrates using a closed field unbalanced magnetron-
sputtering ion-plating deposition process.”® The friction and
wear behavior of coatings were evaluated at room temperature,
400 °C and 700 °C. The best tribological performance was
exhibited by the coating tested at room temperature with the
highest Vickers hardness and critical load (L.) values and the
lowest friction. The exposure at high temperature caused an
increase in the friction coefficient of the coatings accompanied
by a noticeable decrease in the composite hardness of the
coating-substrate. At 700 °C, delamination of the coatings
occurred due to the oxidation process of the unreactive zirco-
nium micro-droplets.

2.7 Electrical resistivity

Bulk ZrN, has the lowest electrical resistivity of 13.6 pOhm m
in all transition-metal nitrides. Its thermal stability (AH
—87.3 kcal mol™") is superior to that of TiN (AH
—80.3 kcal mol ").">"'*> These properties make it a suitable
candidate for diffusion barriers in IC technology.'**'** For
ZrN, coatings with N/Zr atomic ratio <0.5 and produced using
DC magnetron sputtering, nitrogen is present as an interstitial
impurity in the lattice and the ZrN, thin film exhibits an Zr hcp
solid solution structure.®* The presence of interstitial nitrogen
in the Zr lattice inhibits grain growth causing an increase in the
number of grain boundaries and distortion in the lattice. This
gives rise to electron scattering which results in an increase in
the resistivity of the film as the N/Zr ratio is increased from zero
to 0.5. Once the N/Zr ratio is more than 0.5, phase transforma-
tion from Zr hep to ZrN cubic takes place. Vacancies are present
in the lattice due to non-stoichiometry. The resistivity now
decreases toward stoichiometric ZrN. The presence of o-Zr
and ZrN has been reported in the literature.’®® A further
increase in nitrogen content results in stoichiometric ZrN that
displays minimum resistivity values. At this point, the deposi-
tion rate also decreases sharply due to ‘target poisoning’ where
the target is covered with a layer of nitride whose sputtering
yield is much lower than that of the pure Zr target. The
deposition rate also decreases because argon is replaced by
nitrogen in the system and sputtering capability of nitrogen is
poor compared to argon. As the N/Zr ratio becomes larger than 1,
the electrical resistivity increases rapidly.

In another study, gold and metallic colored stoichiometric
ZrN formed at a low nitrogen flow rate exhibited low resistivity.
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The resistivity increased gradually for films produced at 1-4 sccm
value. A large increase in resistivity was recorded for green colored
amorphous films deposited at >4 scem.'*® In another study, an
electrical resistivity of 11.4 pOhm cm was obtained for a ZrN film
deposited on a Si substrate at an ion energy of 150-200 eV and
N/Zr ratio of 1.2-1.5 using ion assisted deposition.'**'*® The ZrN
coatings were deposited on steel and silicon substrates using
magnetron sputtering.®" Unbiased films showed a high electrical
resistivity (27000 pnOhm cm). Use of bias lowered the resistivity.
Between —80 and —100 V bias, the resistivity was measured at
500 pOhm cm. It decreased due to an increase in film density. For
higher values of bias, the resistivity decreased to 200 pOhm cm.

The dual cathodic arc ion deposition technique was used to
grow ZrN on glass and aluminum substrates.’® The ZrN film
with (111) preferred orientation showed high resistivity
(12.51 pOhm m) due to its close packed structure that enhances
electron scattering. High resistivity was recorded for amor-
phous ZrN films. A larger amount of amorphous carbon
increases electrical resistivity of the ZrC coatings.'°

2.8 Corrosion, oxidation and erosion resistance

In one study,"” ZrC particulates with 5 nm grain size were
observed to grow in (111) preferred orientation at a growth
temperature, T, of 400 °C. The morphology became smooth as
the temperature was increased. Improved adhesion, corrosion
resistance and hemocompatibility were recorded for coatings
deposited at 200 °C and 400 °C compared with those deposited
at ambient temperature.

The oxidation resistance of carbon fibers coated with ZrC in
air at 600-1000 °C was found to increase by an order of
magnitude while it was two to three orders higher in a carbon
dioxide atmosphere compared to that in air.?

The oxidation behavior of ZrN coatings was compared in
water vapor and air at 600 °C.*® The parabolic oxidation rate of
ZrN in water vapor was two orders of magnitude higher than
that in air due to large pores and high density of cracks that
were formed across the ZrO, oxide layer. A bilayered structure
with tetragonal ZrO, near the interface and monoclinic ZrO,
toward the outer surface was formed. The lateral cracks across
the scale were formed due to volume expansion during a
transition from the tetragonal to the monoclinic phase. It was
suggested that stabilization of the tetragonal ZrO, phase could
lead to a denser scale providing better protection to Zr fuel
cladding used in nuclear reactors.

The SPM oxidation technique was used to study the
oxidation characteristics of ZrN films produced with the RF
sputtering technique.'*® Films produced with 0.5 sccm or lower
nitrogen flow rate appeared brighter with little oxidation.
High oxide features were visible on ZrN, prepared with higher
nitrogen flow rates where the deposition rate is low, the
electrical resistivity is large, and the films are amorphous.
The formation of oxide structures in amorphous ZrN films
was attributed to the lack of crystalline structure that promotes
oxyanion transport through the oxide network.

ZrN coatings deposited on compressor blades made of
titanium alloys using the vacuum ion plasma technique provided

This journal is © The Royal Society of Chemistry 2020
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fair corrosion resistance without any decrease in the tensile and
fatigue strength of substrate alloys. The coatings improved the
resistance against gas abrasive wear up to 25-35 times. It was
regarded as a suitable choice for blades and other gas turbine
engine parts for use at 500 °C.*" ZrN coatings were prepared using
the arc evaporation process.>® At 90° impact, the erosion was
controlled by brittle fracture and plasticity at temperatures higher
than 538 °C. The increase in erosion rate at temperatures higher
than 538 °C was attributed to relaxation of residual compressive
stresses in the coatings.

Numerous coatings including VN, VC, Cr;C,, ZrN and TiN,
15-30 pm in thickness, were prepared using the ion-plasma
method and were tested for gas-abrasive wear resistance with
flux containing 250-300 pm sand particles.*’ It was concluded
that stoichiometric ZrN coating is the most appropriate for
protecting gas turbine compressor blades made of titanium
alloys. A chromium carbide coating was found to be the best
choice for protecting compressor steel blades.

2.9 Refractive index and aesthetics

Optical reflectance measurements and high energy X-ray photo-
emission spectroscopy (HE-XPS) were used to study the effect of
800 keV Ar ion irradiation on the optical and electronic proper-
ties of nanocrystalline ZrC and ZrN thin films obtained using
the pulsed laser deposition technique.®® It was observed that
irradiation affects the optical properties of the films primarily
at low frequencies, which is dominated by the response of free
carriers. A significant reduction in the free carrier scattering
rate and an increase in zero frequency conductivity, ie. a
possible increase in mobility at higher irradiation fluence, were
observed. It was concluded that irradiation affects the crystal-
lite size and the micro-strain, but it does not induce major
changes in the chemical bonding.

ZrN films with various stoichiometries were produced using
the ion beam assisted deposition method.®* At a N/Zr ratio of
0.98, the ZrN films showed characteristics of metallic materials
such as high absorption in the IR range due to free electrons
and a low absorption in the UV range. As the N/Zr ratio was
increased, the refractive index increased and the extinction
coefficient along with its slope decreased. This was attributed
to a decrease in the free electron density or mobility. At a N/Zr
ratio of 1.35, the extinction coefficient decreased with the
increase of wavelength. The deposited films displayed dielectric
behavior with increased electrical resistivity with increased
N/Zr ratios.

The ZrN coatings were deposited on steel using magnetron
sputtering.®® Optical properties close to those of bulk zirco-
nium nitride were obtained for films deposited with a bias
voltage of —110 V. High absorption in the IR range due to free
electrons and a lower absorption in the UV range due to bound
electrons and interband transition were observed.

ZrO,/ZrC-ZrN/Zr spectrally selective reflector-absorber
tandem structures were deposited on stainless steel and Al
substrates for absorptivity using the reactive DC/RF magnetron
sputtering process. Hardness and elastic modulus increased
from 20 to 39 GPa and 37 to 59 GPa respectively, with
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increasing nitrogen flow rate. It was observed that the films
with moderate hardness and elastic modulus exhibited enhanced
solar thermal performance (x ~ 0.9) compared to those
with lower and higher values. It was suggested that an optimal
nitrogen concentration is required for the desired solar thermal
performance.”*

For RF sputtered ZrN, the color of the film changes from
silver and gold to golden brown with nitrogen flow rates from
0 to 0.75 sccem. At a nitrogen flow rate of 3.5 sccm, the film
exhibits a dark gray color. At >4 sccm nitrogen, the color is
green."'® Dual ion beam sputtered Zr;N; has been reported
to exhibit a blue color."”” The argon flow rate has an
inconsequential effect on the color of the film."*® From
0 to 10 sccm, ZrN films of silver, gold, brown, gray and green
colors can be produced. At high flow rates beyond the golden
color, the aesthetics of the films is reduced and become
unappealing for the decorative industry."'® ZrN coatings were
deposited on steel and silicon substrates using magnetron
sputtering.®® A pronounced gold color was observed at
—110 V. For other bias voltages, silver or brown colors were
observed.

2.10 Mechanical strength

Tungsten fibers coated with ZrC protective coatings used in a
composite material (WC + 6% Co alloy) served to improve the
impact strength of the composite up to two times.? Xin et al.'*®
prepared a ZrC coating with a thickness of 130 pm using
reactive melt infiltration. It was determined that the compres-
sion strength of the coated sample was improved by 13.64% as
compared with the graphite substrate. This was attributed to
the increased density and particle reinforcement due to the ZrC
infiltration and reaction of the melted Zr with the graphite
substrate in the coating process.

El Azhari et al.™*° investigated the micro-mechanical proper-
ties of polycrystalline Zr(C,N) coatings deposited with the CVD
technique (see Fig. 3a). Micro-pillars of Zr(C,N) were milled
from within the coatings using focused ion beam equipment as
shown in Fig. 3b. Micro-compression tests of pillars were
undertaken using a nanoindenter equipped with a flat punch
and inverse polar figure maps thus obtained are shown in
Fig. 3c. The polycrystalline and columnar microstructure of
pillars along with buckling is visible. The authors concluded
that Zr(C,N) coatings show better micro-mechanical strength
than Ti(C,N) coatings under cycling thermo-mechanical loads
due to a combination of high hardness, cohesive strength and
intrinsic plasticity.

2.11 Wettability

Abdallah et al.™*" studied the effect of deposition parameters
on the wetting properties of ZrN films by calculating its
surface free energy (SFE). They observed that the SFE
decreased from 40.8 mN m ™" t0 29.3 mN m ™' with an increase
in N, partial pressure ratio from 0 to 100%, respectively. Large
values of SFE gives rise to a high degree of wettability. Authors
attributed large SFE to the smooth and pore-free surface mor-
phology of the film formed at a low nitrogen partial pressure.
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Fig. 3 (a) Cross-sectional SEM image of Zr(C,N) coating, (b) view of
Zr(C,N) pillar after compression test showing mixed inter/intragranular
crack propagation mode. (c) Inverse pole figure map along the vertical
axis. (Reproduced with permission from source.**9)

Concurrently, film roughness increased and the ZrN surface
transformed from hydrophilic to hydrophobic with an increase
in partial pressure.

Blanco et al.'** evaluated the wettability of ionic liquids on
TiN, CrN and ZrN coatings. They observed that ionic liquids
with a lower surface tension leads to lower contact angles and
high wetting. CrN was found to be the most hydrophobic while
TiN was the most hydrophilic due to latter’s large spreading
parameter (SP) values recorded for tested ionic liquids. ZrN
showed intermediate characteristics.

Reger et al."*® reported that the nitriding temperature had
a strong influence on the wettability of ZrN coatings which
improved due to the formation of nitride and oxynitride
phases in pure Zr. The contact angle for pure Zr was measured
as 98° while that for ZrN was 45° demonstrating increased
wettability.

Patel et a synthesized zirconium nitride coatings using
reactive magnetron sputtering with argon as inert and nitrogen
as reactive gas. The wettability properties were determined with
a contact angle goniometer and indicated that the films were
hydrophobic showing a high contact angle, e.g., 99.5°, at an
Ar:N, gas ratio of 20:20 sccm, while a concurrent increase in
surface roughness was observed with AFM. Hydrophobicity and
roughness decreased when the amount of N, was decreased,
e.g., at a gas ratio of 20:4. It was suggested that the films
produced with low N, flow rates possess a smooth morphology
and tend to have high wettability.
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3. Microstructure of Zr-carbide,
Zr-nitride and Zr-carbonitride coatings

A study of the microstructure of coatings is important because
it affects their properties including deformation fracture and
wear behavior. Process parameters of deposition methods such
as chemical composition, rate of deposition, temperature,
voltage, etc. influence the microstructure of finished coatings.
Chemical composition and bonding type affect the mechanical
properties of finished coatings. Lower deposition rates give rise
to smoother layers, while fine and dense grains deficient in
columnar crystals are important for corrosion resistance and
hardness properties.”*>'*® Some available techniques for
examination and analysis of microstructures of coatings
include atomic force microscopy, Auger electron spectroscopy,
glow display optical spectrometry, Rutherford backscattering,
scanning electron microscopy, and X-ray diffraction analysis
amongst others. Out of these techniques popularly reported
ones for the study of topography and morphology of coatings
are SEM, AFM and XRD.

A SEM produces images with a focused beam of electrons.
The beam of electrons interact with atoms of coating samples
to generate signals which can be read to get information about
the sample’s surface chemistry and topography. To use SEM,
a cross-section of fracture coating samples is micrographed and
analyzed for morphology. On the other hand, an atomic force
microscope has very high resolution on the order of fractions of
a nanometer. It can be used for atomic modifications and
distinguishing samples based on examined mechanical proper-
ties. The third type of technique, X-ray diffraction, works on the
principle of dispersion (diffraction) of X-radiation directed onto
the surface of coatings. Diffraction patterns are dependent on
the structure of the coatings and the wavelength of the X-ray.
Patterns are saved as diffractograms and analyzed (read and
interpreted) to get pore morphologies.

Growth of ZrC coatings was studied using the chemical
vapor deposition technique.®” It was observed that a composite
ZrC, + C (ZrC within carbon matrix) coating gives rise to a
spherical grain morphology. Stoichiometric ZrC,, appears
columnar and flat with gaps and holes while sub-stoichiometric
ZrC, 7 exhibits a fine micro-aggregate morphology with no obvious
boundaries as shown in Fig. 4.

In another study"® undertaken using the RF magnetron
sputtering technique, ZrC particulates with 5 nm grain size
were observed to grow in (111) preferred orientation at a growth
temperature, T, of 400 °C. The morphology became smooth as
the temperature was increased. It was observed that the coating
grain size increased from ambient to 400 °C.

Wang et al.®® deposited ZrC coatings using the chemical
vapor deposition technique at various temperatures. At 1300 °C
columnar morphology was observed while at 1400 °C equiaxed
grains were produced. ZrC columnar grains with (220) preferred
orientation were produced with the CVD technique.®"

The SEM micrographs for some reported Zr-carbonitride
coatings deposited using the dc reactive magnetron sput-
tering technique under low ion bombardment are as shown

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) XRD pattern, and SEM images of the coating surface (b) ZrCy o + C, (c) ZrCy, and (d) ZrCq 7. (Permission pending.)

in Fig. 5(a)-(c)."*” For lower nitrogen flow rates, a porous
columnar morphology was reported, as shown in Fig. 5(a).
An increase in nitrogen flow rate produced finer grains and
denser morphology due to better re-nucleation of grains, as
shown in Fig. 5(b) and (c). The X-ray diffractograms of the same
samples, as shown in Fig. 6, show the patterns of the coatings
compared to a series of other zirconium nitrides and zirconium
carbide coatings (Zr,N;_, and Zr,C;_,). The report shows that
Zr forms the o-Zr phase with nitrogen due to its capacity to
incorporate a higher proportion of nitrogen."*®* The manner of
bonding between Zr and C in regime 1 is not decisive. Regime 2
(Zr/(C + N) = 1.3) shows (111) preferred orientation with a face
centered cubic (fcc) structure. A higher proportion of carbon
atoms are also noticed in the nitrogen positions which
increases the chances of formation of Zr-carbonitride solution.
In Regime 3 (Zr/(C + N) <0.7), a supplementary X-ray amor-
phous phase and lower degree of crystals are exhibited; the
face-centered cubic structure is retained, however, with other
preferred orientations when compared with region 2.

Wang et al.'*® researched the effect of microstructure of
ZrC coatings on their ablation behaviors under the effect of
an oxyacetylene torch. The concentration of hydrogen in the
H, + Ar dilution gas was varied in order to get different
microstructures for the coatings. The coatings were charac-
terized by numerous microcracks, which reduced with the
introduction of hydrogen. As hydrogen concentration
increased, the particle size decreased from micro to nano-
scales and the preferred orientation changed from (111) to
(200) and finally to (220). Cross-sectional SEM images of the

This journal is © The Royal Society of Chemistry 2020

coatings are shown in Fig. 7(a)-(h), while preferred orienta-
tion is evident in Fig. 8.

3.1 Multilayered coatings

Braic et al.'*° researched the effect of the C/N ratio and bilayer

period on the protective coating properties of multi-layered
Zr/ZrCN. Deposition of coatings was carried out using the
cathodic arc deposition method with C45 and M2 steels
as substrates. It was confirmed that the C/N ratio and multi-
layered period determined the micro-chemical, mechanical,
microstructural and tribological characteristics of the coating.
The recorded properties include bilayer period (Zr/ZrCN:
4.4-70 nm), hardness (ZrCN: 19.5-28 GPa, Zr/ZrCN: 10.4-
21.4 GPa), scratch test adhesion critical load (ZrCN: 44-54 N,
Zr/ZrCN: 74-43 N), surface roughness (ZrCN: 6.7-8.8 nm, Zr/ZrCN:
2.4-7.6 nm) and residual stress (ZrCN: 1040-1460 GPa, Zr/ZrCN:
590-1220 GPa). Multilayered ZrCN coatings showed improved
properties compared to monolayered ZrCN coatings and the
optimal structural properties of coatings were achieved between
bilayer periods 6-13 nm.

The XRD characterization of the ZrCN monolayer and
Zr/ZrCN multilayers with bilayer period in the range of 4.4 to
25 nm is presented in Fig. 9."*° The monolayer showed strong
preferred (111) orientation which is the most densly packed
direction. In the case of the multilayer, reflections in the plane of
(111) were accompanied by those in the plane of (220); however,
those of multilayer (111) had wider peaks than the single layers.'*°
It was observed that there is a decrease in the bilayer periods from
25 nm to 4.4 nm; their diffraction pattern does not give any
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Fig. 5 Cross-section SEM images of coatings synthesized at different N,
flows: (a) 2 sccm, (b) 6 sccm and (c) 10 sccm. (Reprinted from ref. 137 with
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preferred orientation; however, the intensity ratio was found to
reduce gradually to a value approaching unity.
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Fig. 7 Cross-sectional SEM images of ZrC coatings deposited at H
concentrations of (a and b) 0, (c and d) 30, (e and f) 50, and (g and h) 90.
(Reprinted from ref. 139 with permission from Elsevier.)

Similarly, the topography of ZrCN monolayers as well as
Zr/ZrCN multilayers using AFM is shown in Fig. 10.

Tribological tests were also conducted on the single and
multilayered coatings and it was discovered that multilayers
exhibited superior mechanical performance. The multilayers
with 4 = 6.3 nm have better wear resistance due to their high
hardness value as compared to A4 = 25 nm and 4 = 4.4 nm.
Again, multilayer 4 = 6.3 nm coatings showed the lowest
friction coefficient; however, multilayered structures with
A =25 nm and A = 4.4 nm showed tribological characteristics
comparable to those of single layer coatings. The optimal
structural properties of coatings were achieved between bilayer
periods 6-13 nm. For bilayer period values of 4.1 nm, 6.3 nm
and 25 nm, the first bilayer period showed no visible peaks,
which indicates poorly defined layers. However, the last two
multilayers showed visible superlattice peaks of different

This journal is © The Royal Society of Chemistry 2020
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orders. Fig. 11 gives an illustration of the effects of bilayer
period on the coating microstructure.

Abadias et al.'*' researched epitaxial growth of ZrN/W multi-
layers using the dual ion beam sputtering (DIBS) deposition
method on MgO(001) substrates with bilayer periods of 2.5 nm
to 50 nm. X-ray diffraction (XRD) and transmission electron
microscopy (TEM) were employed for analysis. The nanoinden-
tation test, as shown in Fig. 12, showed that hardness is
proportional to the bilayer period to the power of —0.54. The
highest value of hardness (25.8 GPa) was recorded for a bilayer
period of 2.5 nm. Changes in the materials components had a
negligible effect and this was attributed to delamination at the
W on the interfaces and large compressive stress as shown by the
TEM image, shown in Fig. 13, and the XRD, shown in Fig. 14,
results, respectively. Non-conformity to the rule of mixture value
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Fig.10 3 x 3 um? surface image by AFM of ZrCN and Zr/ZrCN-2
single and multilayer systems with (a) 4 = 25 nm, (b) 4 = 6.3 nm, and
(c) 4 = 4.4 nm. (Reprinted from ref. 140 with permission from Elsevier.)

was also suggested to be due to little differences in shear modulus
of the component materials. The epitaxial relationship recorded
was [110](001)W//[100](001)ZrN//[100](001)MgO.

Multilayered ZrC/ZrN and ZrC/ZrTiN films exhibited higher
hardness values (32.4-33.2 GPa) but lower modulus values
(251-270 GPa) when compared to the best quality ZrC coatings,
ie, 27.6 GPa and 228 GPa, respectively.'"® Slightly higher
concentration of oxygen (5.8%) was detected in the multi-
layered system compared to 3% for a monolayer ZrC. This
was attributed to the longer time (approx. 20 minutes) required
to grow the multilayered structure.

ZrC, TiN, and ZrC/TiN multilayer crystalline coatings with
maximum thickness of 400 nm were grown on (100) Si substrates
at 300 °C by the pulsed laser deposition (PLD) technique using a
KrF excimer laser."*> Nanoindentation hardness of multilayers was
between 35 and 38 GPa, higher than the 30-33 GPa for single layers
of ZrC and TiN. The grain size of the Zr coatings was measured
between 8-10 nm using XRD and TEM. In theory, an inverse Hall-
Petch effect should influence hardness of ZrC at grain size of
<9.4 nm."**'** The effect, however, was not observed in this study.

4. Applications of Zr-carbide,
Zr-nitride and Zr-carbonitride coatings
4.1 Zirconium-based coatings for tribological applications

Wang et al."* researched the effect of microstructure of ZrC

coating on their ablation behaviors under the effect of an
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with 4 = 2.5 nm for ZrN/W multilayer coatings. (Reprinted from ref. 141
with permission from Elsevier.)

oxyacetylene torch. Four samples of mass and linear ablation
rates of 0.86-1.1 x 10 *g s~ " and 0.23-0.47 x 10> mm s~ " respec-
tively were tested over an ablation of 100 s. Results portrayed that

1024 | Mater. Adv., 2020, 1,1012-1037
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Fig. 13 (a) Micrograph of multilayer ZrN/W with stacking 4 = 5.2 nm as
observed by HRTEM. (b) Light and dark image of ZrN heterostructures.
(Reprinted from ref. 141 with permission from Elsevier.)
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Fig. 14 XRD evolution of the w-260 scans of multilayer coating of ZrN/W
with different A. Straight lines (vertical) indicate reflection positions.
(Reprinted from ref. 141 with permission from Elsevier.)

increase in the concentration of hydrogen improved the micro-
structure and the in situ nanoparticles with (200) preferred orienta-
tion showed better ablation properties than the other preferred
orientations possibly because of a crack-free ZrO, layer formed with
ZrO, nanorods during ablation.

This journal is © The Royal Society of Chemistry 2020
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ZrC coatings with Vickers hardness of 11 GPa were coated on
the washers of cylindrical roller thrust bearings which were
then tested for wear resistance in a test.'"* The combined
wear of the rollers and that of the two washers was very low
(11-12 mg) after a 400 hour test, which indicated that the wear
protection of the uncoated part was excellent.

In another study, a-C:Zr, coatings were obtained with
various Zr contents on WC-Co substrates using magnetron
sputtering.” Wear tests were conducted against an AISI 1045
steel counter body using an oscillating friction and wear tester
system. The machining performance was also evaluated by
performing turning tests and high-speed through-hole drilling
tests. The experimental results reveal that the fabricated
a-C:Zr,, coatings show improved tribological properties and
machining performance. Optimal tribological properties were
provided by the a-C:Zr;3¢, coating while the best turning and
drilling performance was obtained using the a-C:Zr,so, coating.

Braic et al.'*’ evaluated the effect of heterogeneous deposi-
tion of ZrN coatings on microhardness, roughness, texture,
adhesion, thickness, phase and elemental compositions of
Si and high speed steel. Two different deposition methods
(RF-PLD and RPMS) were employed with the same bilayer
period of 50 nm. Scratch test, Vickers microhardness measure-
ment, atomic force microscopy technique, as shown in Fig. 15,
X-ray diffraction, as shown in Fig. 16(a)-(c), and Auger electron
spectroscopy, as shown in Fig. 16(d), were employed to measure
the desired properties of the coatings. It was discovered that for
ZrN monolayers, stoichiometric behavior was almost indepen-
dent of the coating deposition method. Multilayers of ZrN/TiN
and TiN/ZrN exhibited minimum roughness and highest hard-
ness value (about 30 and 32 GPa) for a bilayer period of 32 nm.

Manier et al.'*® proposed an improvement on the slip rolling
resistance of zirconium based coatings with respect to the
initial roughness of the surface after deposition and tempera-
ture stability. A novel coating-substrate system was compared
to DLC coatings for slip rolling test in the presence of liquid
lubricants. It was shown that with a minimum initial oil

20—

100 -

5.0um0

Fig. 15 Atomic force spectroscopy (AFM) topology of bilayer ZrN/TiN-10/50
films by RPMS on Si substrates. (Reprinted from ref. 145 with permission
from Elsevier.)
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temperature of 120 °C under an initial contact pressure of
about 3500 MPa, the novel coating-substrate system can produce
a coated substrate that can withstand up to 1 million cycles with
mixed/boundary conditions; in other words, about 10 million
cycles under an initial maximum pressure of about 2940 MPa.
They can be mass-produced due to their straight coating
architecture and they do not need special oil formulations.
In comparison, a number of slip rolling resistant tests were
conducted on DLC coatings up to about 10 million cycles
at room temperature and some others at 120 °C. It was
emphasized that coatings on similar substrates and deposition
conditions may not have the same slip-rolling resistance.
This disparity in coating behavior might have occurred due
to microstructural differences. To achieve higher and better
slip-rolling resistance, a treatment such as pre- and post-
mechanical surface treatment needs to be carried out. The
pre-mechanical treatment is designed to remove surface oxides
formed due to exposure of the surface to air and the post-
mechanical surface treatment helps eliminate the droplets
produced at the extinction of the deposition process. Because
of disparity in slip-rolling resistance performance, investigation
of high and poor slip-rolling resistant coating microstructures
was done to examine and clarify the difference. The surface
preparation of the samples was done with the focused ion beam
technique and the imaging of the unstressed side of the
samples was done using TEM as shown in Fig. 17.

The friction behavior of Zr(C,N) was also examined as it
affects the life span of the coatings. The coefficient of friction as
a function of number of cycles for Zr(C,N) coatings as-deposited
and after mechanical polishing of the coating is presented
in Fig. 18.

Rie and Wohle'*’ investigated wear resistance properties of
ZrCN. The effect of ZrCN coatings on the hardness of light
metals (Mg & Al) was evaluated. Deposits were made on the
light metals at low temperatures (below 180 °C) by the pulsed
DC PACVD technique and the plasma state was examined using
optical emission spectroscopy (OES). It was found that the
hardness of ZrCN is affected by its carbon concentration, which
is also reported in other literature. Also, the hardness of ZrCN
increased with increasing discharge voltage. The recorded
harness of ZrCN was 1400 HK0.01 and the growth rate of ZrCN
was at least two times that of TiCN.

ZrCN coatings prepared by Manier et a
withstand at least 1 million cycles under Hertzian contact
pressures of up to Pymax) = 3500 MPa and oil temperatures of
120 °C showing low coefficients of friction and good wear
resistance. At Pomax) = 2490 MPa, it withstood ten million
cycles. The authors concluded that ZrCN coatings do not
require special oil formulations to demonstrate good slip-
rolling resistance.

Chang et al.'"’ evaluated the mechanical and impact resis-
tance properties of monolayered and multilayered TiAIN/ZrN
coatings deposited using the cathodic arc evaporation techni-

1.1%¢ were able to

que with plasma enhanced duct equipment. Cathodes of TiAl
(50 at% Al) and zirconium were utilized for the coating deposi-
tion. The multilayered coatings were deposited as interlayers
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(a) XRD for TiN/ZrN multilayered coatings with (4 = 50 nm, n = 10) deposited by RPMS, (b) single layer (Ti,Zr)N coating deposited by RPMS,

(c) XRD spectrum of bilayer ZrN/TiN coating deposited by Radiofrequency beam assisted Pulsed Laser Deposition (RF-PLD), and (d) Augur electron
spectroscopy spectrum of a ZrN layer in a TiN/ZrN-2/50 multilayer deposited by RPMS. (Reprinted from ref. 145 with permission from Elsevier.)

with different modulation periods, chemical compositions and
cathode current ratios (Irian/lizs) ranging from 0.75 to 1.33. The
coating layer thickness ratio and modulation period increased
with the cathode current ratio. The evaporation rate of the
cathodes determined the alloy content and nanolayer thickness
of the deposited coatings. The hardness, as shown in Fig. 19(a),
exhibited by ZrN monolayer coatings (30 GPa) was lower than
that for the TiAIN/ZrN multilayer coatings (33-38 GPa). The
impact resistance, shown in Fig. 19(b), and resistance to plastic
deformation of monolayered coatings were also lower as com-
pared to multilayered coatings, e.g. a TiAIN/ZrN multilayered
coating which had the highest resistance to plastic deforma-
tion (H*/E*2 of about 0.443 GPa), the best impact resistance
(1 x 10° impacts), lowest modulation (25 nm) and the highest
layer thickness ratio (0.92) amongst the tested mono- and
multilayered coatings.

Kudapa et al."*® investigated nanolayer and monolayer ZrCN
and TiCN based coatings with the view of increasing their
toughness especially in cutting tool applications. The coatings
were deposited by the medium temperature chemical vapor
method. Optical microscopy, scanning electron microscopy, as
in Fig. 20, and X-ray diffraction were employed for characterization.

1026 | Mater. Adv., 2020, 1,1012-1037

It was recorded that the ZrCN layer in a 40-layer alternating
stacking sequence reflected the preferential orientation of the
starting layer. The MTCVD nanolayer TiCN/ZrCN had a preferential
orientation of (311), while the monolayer counterpart had an
orientation of (220). The nanolayer coatings displayed higher
failure load as compared to monolayers, which may be attributed
to the improved superficial strength of their layers. MTCVD ZrCN
exhibited increased brittleness and a critical load of 25-35% higher
when compared to MTCVD TiCN in the crack resistance test.
However, the MTCVD nanolayer TiCN/ZrCN exhibited the lowest
surface roughness.

4.2 Applications for corrosion and oxidation resistance

Budke et al.'*® studied the corrosion resistance of ZrN hard
coatings used in the bathroom equipment. The authors stated
that an improvement of the corrosion resistance of bathroom
facilities could occur when coated with ZrN coatings. By changing
the sputter conditions in the coating process, the coating resis-
tance of this type of coating could be significantly improved.
Investigation of corrosion resistance of ZrCN hard coatings
on brass alloy (40% Zn and 60% Cu) was reported by Gu et al.."*°
In their work, ZrCN was deposited on the surface of brass using

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 TEM investigations of Zr(C,N) coatings by means of FIB (high
slip-rolling resistant coating on the left and poor slip-rolling resistant
coating on the right). (Reprinted from ref. 146 with permission from
Elsevier.)
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Fig. 18 Coefficient of friction vs. number of cycles for Zr(C,N) coatings
before and after mechanical polishing. (Reprinted from ref. 34 with
permission from Elsevier.)

arc plasma deposition and it was discovered that the corrosion
resistance of ZrCN coatings on brass is higher than that of the
electroplated Ni/Cr coating. The ZrCN inert surface is effective in
preventing the substrate from corrosion. It was concluded that
ZrCN hard coatings offer higher corrosion resistance and improve
the quality of bathroom accessories.

Xu et al.*>" applied ZrC nanocrystalline coating on a Ti-6Al-4V
alloy for corrosion protection. In this study, nanocrystalline
ZrC was coated on the Ti-6Al-4V substrate by the double
glow discharge plasma technique. The corrosion behavior was
investigated using electrochemical techniques at three solution
temperatures (25 °C, 55 °C and 70 °C). It was clearly observed
that with an increase in the temperature; the number of defects
on the surface of the passive film increases; thus the passive
layer formed was less protective at higher temperatures.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Materials Advances

However, the number of defects formed in the passive film
with an increase in temperature for the ZrC coated specimen,
as shown in Fig. 21(a), is significantly lower than that for
uncoated Ti-6Al-4V, as shown in Fig. 21(b) under the same
conditions. It was concluded that the ZrC coating is more
hydrophobic than uncoated Ti-6Al-4V and this precludes accu-
mulated water from flooding the electrode surfaces and at the
same time mitigates the extent of corrosive attack.

Ferreira et al.">* studied the corrosion resistance of magne-
tron sputtered ZrN and ZrSiN on AISI 430. It was concluded that
the ZrSiN coating was more effective than ZrN in protecting
steels against corrosion. The ZrN coated AISI 430 steel showed a
localized corrosion through pores in the coating; however, the
ZrSiN coated AISI 430 steel showed a uniform corrosion at the
coating-steel interface.

Zhao'® studied the oxidation behavior of TiAlZrCr/
(Ti,ALZr,Cr)N gradient film in different temperature ranges
for short (600-900 °C for 4 h) and long (700 & 800 °C for
100 h) term cyclic tests, respectively. Coatings were deposited
on high-speed steel (W-18Cr-4V) substrates by means of the
multi-arc ion plating technique. Sample characterization was
undertaken using X-ray diffraction (XRD), energy dispersion
X-ray spectroscopy (EDS) and scanning electron microscopy
(SEM). The long-term cyclic test produced excellent oxidation
resistance up to a temperature of about 700 °C, while the short-
term cyclic test produced excellent oxidation resistance up to a
temperature of about 800 °C. After these, oxide scales of TiO,
were observed.

4.3 Biomedical and bioelectronic applications

To the best of our knowledge, Helmer and Driskell'** presented
the first reference for medical application of zirconium in 1969.
Two decades later, the application of zirconium in medical
surgery was published,"*” followed by dental applications in the
early 1990s."°® In 1975, Cranin et al.'® reported the first
experimental work on zirconium based materials after which
a good number of publications have been reported on medical
applications of zirconium. Zirconium based compounds are
especially employed in odontology, coating of surgical tools,
medical implants etc. because of their periointegration, bio-
compatibility, bio-inertness, minimized bacterial settling and
osseo-conductiveness.'>*

For biomedical applications, coatings need to resist dissolu-
tion in aggressive media containing chloride ions so as not
to contaminate the organism. Any dissolution will degrade
biocompatibility and affect the mechanical strength of the
prosthesis.’®" Likewise, bioelectronic devices containing solid
electrodes surrounded by concentrated aqueous solutions of
biological molecules need to be protected from -corrosive
reactions.*® In vivo test, in vitro test and clinical trials are
carried out to ascertain the feasibility of potential zirconium
based coatings in medical applications.

Titanium is widely used as a dental/orthopedic implant
material due to its excellent mechanical properties, corrosion
resistance, biocompatibility, and osseointegration. However, a tita-
nium implant cannot integrate chemically to the surrounding bone.

Mater. Adv., 2020, 1,1012-1037 | 1027
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Fig. 20 Scanning electron microscopy (SEM) images of (a) monolayer
TiCN as-coated surface, (b) fracture surface monolayer TiCN coating,
(c) surface morphology of as-coated bilayer TICN/ZrCN, (d) fracture sur-
face of bilayered TiCN/ZrCN; (e and f) surface morphology and fracture
surface of nanolayer TICN/ZrCN, respectively. (Reprinted from ref. 148
with permission from Elsevier.)

In addition, titanium does not possess any antibacterial activity, the
lack of which can lead to plaque formation, inflammation
or infection after surgery. Antibacterial activity can be achieved
with a coating such as ZrN or TiN, which retains titanium’s

1028 | Mater. Adv., 2020, 1,1012-1037

Fig. 21 The corroded surface morphologies of bare and the ZrC coated
Ti-6A1-4V after potentiodynamic polarization tests in a 0.5 M H,SO4 +
2 ppm HF solution at 25 and 50 °C: (a) uncoated Ti-6Al-4V and (b) ZrC
coated. (Reprinted from ref. 151 with permission from Elsevier.)

biocompatibility. Inflammatory processes are initiated with the
adsorption of biomolecular pellicles and the subsequent accu-
mulation of bacteria on implant surfaces. Coatings on implant
surfaces can influence the adherence and spreading of cells,
thereby controlling the osseointegration process. The degree of
osseointegration of Ti implant depends on its composition and
surface treatment.

ZrN has been reported to possess the capacity for reduction
of plaques on implants and neighboring tissues bringing about
successful implants at the bone level and healing of soft
tissues.'®> Ramoul et al'®® studied the wear, corrosion and
antibiotic properties of the PVD ZrN coatings prepared by the
RF magnetron sputtering method. They concluded that the
coatings not only showed good wear resistance but also exhib-
ited good corrosion resistance and a strong biocide effect.
Thus, the coatings could find potential use in biomedical
applications. Other authors have also found ZrN to be bio-
compatible and a potential candidate for use as coatings on
biomaterials.'®*

Biologic performance of titanium dental implants coated
with zirconium nitride was evaluated in a murine preosteoblast
cellular model.>® The coating was deposited by means of
physical vapor deposition. It was found that the coating was
effective in covering titanium surfaces with zirconium nitride.
A significantly higher number of cells adhered and spread onto
zirconium nitride-coated surfaces (P < 0.05) after 24 hours.

This journal is © The Royal Society of Chemistry 2020
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After 7 days, both titanium and zirconium nitride surfaces were
completely covered with MC-3T3 cells. It was concluded that
the ZrN coating could render the surface of the titanium more
bioactive than uncoated titanium surfaces. ZrN coatings were
deposited on Ti based alloys using PVD to improve cytological
properties. The performance along with the color of the
coatings was found to be satisfactory for the success of implant
therapy.>®

Antibacterial activity and osteoblast-like cell viability according
to the ratio of titanium nitride and zirconium nitride coating on
commercially pure titanium using an arc ion plating system
were evaluated.”” It was observed that the number of S. mutans
colonies on the TiN, ZrN and (Ti; ,Zr,)N coated surface
decreased significantly compared to those on the non-coated
titanium surface (P < 0.05).

An in vitro study was performed to check the biocompat-
ibility and antibacterial properties of ZrN on titanium
abutments.”® For all tested bacterial strains, biofilms grown
on the ZrN surface showed a higher percentage of dead bacteria
than on the other disks. No hemolytic activity was detected and
the surfaces’ clinical safety was confirmed. Another in vitro
study demonstrated the effectiveness of ZrN coating in redu-
cing the Staphylococcus epidermidis biofilm formation on
orthopedic implant surfaces.®

ZrN coated knee implant was designed for patients with
suspected metal ion hypersensitivity and compared with an
uncoated implant made of CoCrMo alloy.>® Tribological tests
showed a significant wear rate reduction for the ZrN coated
implant. The ZrN coating showed no sign of scratches or
delamination during the wear simulation, whereas the uncoated
femurs showed characteristic wear scratches in the articulation
areas. Furthermore, the metal ion release from the coated
implants was reduced up to three orders of magnitude in
comparison with the uncoated implants.

In another study,”® carbonitride coatings doped with 6 at%
W, Ti, Zr, or Cr were prepared on biograde AISI SS316L
substrates. The antimicrobial test used Staphylococcus aureus.
The results showed that the coating was a composite of
amorphous carbonitride and amorphous C structures. The
coating with doped Zr exhibited the highest hydrophilicity
and the best antibacterial performance. However, its wear
resistance was poorer than coatings doped with W and Ti. The
Ti-doped coating exhibited the lowest antibacterial capability.

ZrN thin films prepared using DC reactive magnetron sput-
tering were evaluated for corrosion resistance in biological
medium.*® Coatings were found to be stable over a large potential
range in a medium of artificial saliva. The coatings’ deposition
temperature and the oxidation of the surface during synthesis
played an important role in the corrosion behavior. It was observed
that pitting potential increased with increasing deposition tem-
perature. For deposition at 500 °C, the pitting potential was found
to be E, = 1.5 V per SCE. At higher deposition temperatures, the
corrosion behavior worsened due to the formation of thin ZrN,O,
and ZrO, layers on the top surface of the films.

ZrN coatings have been successfully used in the corrosion
protection of Ti-6Al-4V alloy used in biomedical applications. In

This journal is © The Royal Society of Chemistry 2020
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their studies, Kadam et al.'® coated the Ti-6Al-4V alloy with a
ZrN coating using cathodic arc physical vapor deposition so as
to enhance the corrosion performance and surface properties.

Dense and smooth ZrC and ZrN thin coatings were depos-
ited on Ti and Si samples using pulse laser deposition.'®
Coatings were found to be nanocrystalline with 5-12 nm grain
size and under compression. Electrochemical tests performed
in simulated body fluid for 32 days showed that the corrosion
resistance of Ti samples was significantly improved due to
coatings. The best performance was delivered by ZrN whose
corrosion current remained almost unchanged during the
course of the study.

Hollstein et al'®® evaluated the protective properties of
ZrCN for low reflective PVD-arc coatings for surgical tool
applications. It was found that after storage for some days
under normal environmental conditions, coated materials
developed higher concentration of oxygen and carbon in their
layers, a phenomenon requiring more research for a better
understanding.

Lai et al'®” researched the effect of carbon content on
bacteria inhibition performance of ZrCN/a-C coatings for
medical applications. Non-composite ZrC/amorphous carbon
(a-C) was deposited on titanium implants by a cathodic arc
evaporation system. It was recorded that above 12.7 at%,
ZrCN/a-C exhibits good HGF cell compatibility and bacterial
(A. actinomycetemcomitans) repulsion properties.

Balaceanu et al.'®® researched adhesion and hardness prop-
erties of single (ZrCN) and multilayered (Zr/ZrCN) zirconium
based coatings for possible adoption in medical implant appli-
cations. Coatings were deposited by the magnetron sputtering
method after which characterization was carried out. It was
recorded that multilayered coatings responded better in terms
of humoral immune with no adverse effect on the blood system.
Hardness, bilayer period and critical load were in the range of
ZrCN 19.5-28 GPa, Zr/ZrCN 10.6-29.4 GPa, Zr/ZrCN 4.4-70, and
ZrCN 43-44 N, Zr/ZrCN 43-71 N respectively. It was reported
that the hardness of ZrCN and Zr\ZrCN films was improved
with increasing carbon concentration. Besides, adhesion of
coating onto the surface of implant is more vital than the
hardness of the coating in biomedical applications. The results
of the analyses conducted on peri-implant tissues using HE
staining and MMP-8 detection are presented in Fig. 22 for the
coated and uncoated 316 L implants.

Nanocomposite ZrCN/amorphous carbon coatings were
deposited on a biograde pure Ti implant material using a
cathodic-arc evaporation system.'®” Due to the small dissocia-
tion energy of C-H bonds and due to increasing carbon content
caused by a high C,H, flow rate, the carbon/nitrogen ratio
increased. The flow rate of acetylene gas and nitrogen can be
used to control the amount of amorphous carbon and C-N
bonds. Carbon atoms substituted for nitrogen lattice positions
resulted in lattice expansion. Only a small fraction of carbon
was in the form of a-C phase in the coatings. The contact angles
(86-92°) of coated samples were higher than that of Ti (55 +
1.3°), showing hydrophobic nature. A pathogen Actinobacillus
actinomycetemcomitans commonly associated with dental implant
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Fig. 22 316 L uncoated implant tissues after 8 weeks by DAB IHC: (a) HE
detection and (b) MMP-8 detection. (Reprinted from ref. 168 with permis-
sion from Elsevier.)

infections was selected for in vitro anti-bacterial analyses. It was
found that the ZrCN/a-C coatings with carbon content higher than
12.7 at% improved antibacterial performance with excellent HGF
cell compatibility.

Radio frequency magnetron sputtering was used to produce
zirconium carbonitride coatings on AISI 316 L austenitic
stainless steel.””> Coatings were almost amorphous at a growth
temperature of less than 400 °C, while nanostructured Zr,CN
was formed at Ty of 400 °C. Nanostructured zirconium carbo-
nitride coatings showed improved corrosion resistance. The
coatings exhibited better hemocompatibility when T varied
from 25 °C to more than 200 °C, which was attributed to lower
surface roughness and interfacial tension.

Hip joint prostheses are increasingly used due to an increase
in elderly population. However, an estimated 20% of hip
replacement surgeries fail within a few years due to wear
fatigue. This provides a basis for continued research in this
field. In this context, ZrCN coatings with silver additions were
produced and tested. Silver is a well-known anti-bacterial agent.
Zirconium carbonitride (ZrC; ,N, ,Ag) coatings with silver
nanoparticles were deposited on stainless steel SS316 and
silicon (100) for use with biomedical devices using DC unba-
lanced dual magnetron sputtering. Two targets Zr and Zr/Ag
were used in Ar, C,H, and N, atmospheres. Electrochemical
characterization showed stable coatings that improved corro-
sion resistance of the base material with low amounts of
Ag having no deleterious effect. Grain growth and columnar
morphology were found to deteriorate the corrosion resistance.”
The best mechanical and electrochemical performance was
shown by the stoichiometric ZrC, 5N, 5 phase with <8 at% of
silver and residual oxygen. Higher amounts of Ag had deleter-
ious effects on corrosion resistance.'® An increase in Ag
content resulted in the formation of the a-CN, amorphous
phase in addition to a silver crystalline phase. Hardness
decreased, as silver content increased. Adhesion values were
considered to be good.” Amorphous carbon had a negative
influence on the polarization resistant attributed to morpholo-
gical changes.”” The antimicrobial activity of the coatings was
tested against pathogen staphylococcus epidermidis. It was
found that the silver activation process was essential for anti-
microbial activity, as observed with 11 at% of Ag which was
found to diffuse to the coating’s surface.”® It was demonstrated
that coatings with silver nanoparticles encapsulated in an
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amorphous phase reveal a large bacterial zone of inhibition.
Antibacterial effect of coatings was shown to depend on the
release of silver ions and on the availability of silver nano-
particles at the surface.”®

ZrCN coatings with silver addition were produced by dual
magnetron sputtering. Silver is added to enhance the absorp-
tion at specific wavelengths, to provide self-lubricating proper-
ties at high temperatures, to alter the resistivity of the coatings
and to incorporate antimicrobial characteristics. A highly oxi-
dized surface was produced due to the affinity of Zr to form
ZrO,, and due to silver segregation to the surface. Silver
nanoparticles of 5-20 nm size were distributed in the ZrCN
matrix. Silver was also agglomerated at the surface with size
<80 nm.”’

4.4 Nuclear fuel applications

As stated in the introduction, ZrC has been used as a coating on
nuclear fuels employed in gas cooled nuclear reactors since
Reynolds et al. carried out initial work in 1976.>® ZrC can be
used in three ways.'”° Firstly, fine-grained ZrC can be coated on
the uranium oxide kernel of TRISO fuels to act as an oxygen
getter. During high fuel burn-up, ZrC serves to buffer oxygen
evolved during the fission of UO, thus preventing adverse
oxidative reactions. Secondly, ZrC can be used to substitute
SiC in TRISO to act as a pressure vessel due to its resistance to
diffusion of fission products and to high temperature degrada-
tion. Thirdly, both of these applications can be combined
together to maximize the benefit. ZrC was found to be stable
under fast neutron irradiation at a high temperature of
1496 °C."7° Over the years, considerable work evaluating
properties of ZrC for use in nuclear fuel reactors has been
undertaken.80,81,91,92,1707181

In nuclear reactors, the fuel in the reactor core is isolated
from the coolant (operated at less than 600 °C) by using a fuel
cladding made of ferritic or martensitic stainless steel.
Chemical reactions between the fuel and the cladding material
at elevated temperatures can threaten the integrity of the
cladding. TiN and ZrN coatings produced using pulsed laser
deposition have been proposed as suitable materials to act as a
diffusion barrier between the stainless steel cladding and
fuel.”’” ZrN has low neutron absorption and high melting
temperature. It was shown to prevent diffusion of Ce and
other lanthanide fission products encountered in nuclear fuel
technology.

In another study,’® protective coating of ZrN was sponta-
neously formed in a eutectic based on lead (with 2.25 wt%
magnesium and 0.2 wt% zirconium) on a steel surface in order
to decrease the interaction between the sublayer in a fuel
element and the fuel-element cladding. Gravimetric analysis
showed that the ZrN increased the service lifetime of the fuel
assemblies. It was concluded that the maximum mass loss will
be 0.12 kg m > and the maximum thinning of the fuel-element
wall will be 15 pm during 35000 hours of service.

The potential of ZrN as a protective coating for radioactive
waste storage vessels was evaluated by depositing it on various
substrates such as Incoloy 825, Hastelloy C22 and Titanium

This journal is © The Royal Society of Chemistry 2020
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Fig. 23

with permission from the source'®?,)

grade 12 using cathodic arc sputtering.*> Dense coatings with
thickness of around 5 pm were obtained with compressive
stresses ranging from 2.69 to 4.06 GPa. Nanoindentation hard-
ness and elastic modulus values of 27.65 GPa and 458 GPa were
obtained. The interface exhibited the formation of compounds
with elements from coatings and the substrate material, which
were believed to aid in coating adhesion (Fig. 23).

ZrC and ZrN are candidate materials to replace SiC as a
coating layer on nuclear fuel particles used in gas-cooled fast
reactor systems. In this context, Tan et al'®® examined the
resistance to Pd attack of TiC, ZrC, TiN, and ZrN with diffusion
couples annealed at 1400 °C for 10 h. All materials were found
to offer better resistance than SiC. The tested materials were
ranked from the top as TiN, ZrN, TiC and ZrC.

Nanocomposite ZrCN/amorphous carbon coatings deposited
on pure Ti using a cathodic-arc evaporation system'®” possessed a
high contact angle (86-92°), which was much higher than that of
Ti (55 £+ 1.3°), confirming its hydrophobic nature.

5. Conclusions and recommendations

The applications of zirconium carbide, zirconium nitride and
zirconium carbonitride coatings are made possible by the
remarkable properties of zirconium. These properties include
high temperature ionic conductivity, corrosion resistivity, good
wear resistance, elevated fracture toughness, hardness, and
strength. Zirconium has high thermal expansion and modulus
of elasticity. These properties enable development of Zr-based
protective coatings for mechanical, chemical, nuclear and
biomedical applications.

The properties of coatings depend on their chemical and
phase constitution, stoichiometry, microstructure, crystallinity
and preferred orientation, which in turn depend on deposition
conditions during synthesis. Columnar morphology was
observed at a deposition temperature of 1300 °C while equiaxed

This journal is © The Royal Society of Chemistry 2020

Image quality (IQ) map, phase distribution and inverse polar figure maps obtained from ZrN (orange) after reaction with Pd (green). (Reprinted

growth was reported at 1400 °C with CVD. A smaller crystallite
size with higher microhardness values was observed at lower
deposition temperatures. ZrC coatings produced with CVD
exhibit a decrease in grain size with an increase in carbon
content. Over-stoichiometric coatings show a spherical grain
morphology. Stoichiometric ZrC appears columnar while sub-
stoichiometric films display a fine micro-aggregate morphology
with no obvious boundaries.

The (200) plane has the lowest surface energy while the
lowest strain energy is exhibited by the (111) plane. With low
kinetic energy particles where the strain energy is small and the
surface energy is dominant, films grow in (200) preferred
orientation. Use of high kinetic energy particles, where the
strain energy is large and surface energy is less dominant,
produces films with (111) preferred orientation. At small film
thickness, the surface energy is dominant and gives rise to (200)
texture. Beyond a certain film thickness, the strain energy
becomes dominant and texture changes to (111). Lower N,
partial pressures produced ZrN with (111) preferred orientation
while high pressures produced coatings with (200) orientation.
The deposition temperature affected the texture which showed
(111) preference up to 300 °C. At a deposition temperature
of 500 °C, (200) texture became stronger. At high negative
substrate bias, (111) growth is preferred.

Hardness is controlled by many factors such as preferred
orientation, residual stress, grain size, defect density, stoichio-
metry and structure of the coatings which is turn depend largely
on film growth conditions and process parameters. Heat treat-
ment decreases hardness. Dense and nanosized coatings display
high values of hardness. Hardness increases with increasing
nitrogen or methane flow rates to a certain extent. (111) texture
coefficient has the highest hardness. A high bias substrate voltage
increases the crystallinity of films. At low bias, smooth films are
produced. A high C/Zr ratio in ZrC films reduces roughness and
produces smooth ZrC coatings. Adhesion and strength vary
inversely with hardness. Self-lubricating amorphous carbon
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improves the friction coefficient and wear resistance of ZrC
coatings.

Formation of soft amorphous carbon or CN, exhibits low
hardness, friction and high resistivity. Over-stoichiometric
films also exhibit higher resistivity. Improved adhesion, corro-
sion resistance and hemocompatibility were recorded for
coatings deposited at 200 °C and 400 °C compared with those
deposited at ambient temperature. The films with moderate
hardness and elastic modulus exhibited enhanced solar ther-
mal performance (z ~ 0.9) compared to those with lower and
higher values. From 0 to 10 sccm, ZrN films of silver, gold,
brown, gray and green colors can be produced. The argon flow
rate does not affect the color of the film.

Future work can include corrosion resistance applications of
Zr-carbide, Zr-nitride and Zr-carbonitride coatings and their
behavior in a humid environment. In addition, natural oxida-
tion of stored coated materials, medical applications of
Zr-based coatings especially in implants and better adhesion
of coatings on substrates amongst others require further
in-depth research.
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