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Preface

With the advent of new surface and thin layer technologies, including different
coating methods, it is now possible to make new materials with extreme physico-
chemical properties.

The new materials (films, mono- and multi-layers, nanostructures, composites etc)
produced using the new methods have been used in many places in various fields of
engineering technology and life science.

In this book, studies written by renowned researchers draw the reader’ attention
to different technologies of film fabrication eg, deposition, from liquid and solid
phases, sputtering, and nanoscale layer fabrications. Some measuring methods by
which the extreme material and life science parameters of the layers produced can
be determined are also presented.

The reader will find many examples of medical-biological applications,
highlighting the compatibility problems of tissues with the materials deposited
(coating behavior in living environments).

We hope that the book will serve as an interesting scientific and practical base for
people interested in applications of coatings for medical-biological use.
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Department of Physics,
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Chapter1
Prologue: Coating Technology

Aneeya Kumar Samantara and Satyajit Ratha

1. Introduction

The advanced technological application demands value-added materials of req-
uisite surface properties. In most of the cases, the metallic materials are employed as
prime part of the instrument/device. But after certain period of repeated use, passiv-
ation/inactiveness of the surface has been realized. This is mainly due to the corrosion
of the metallic surface. Corrosion is nothing but the physicochemical interaction of
a metal surface with the surrounding environment leading to change the original
properties of that metal. Further it impairs the function of the metal as well as the
environment and the technical equipment of which these form a part. Therefore
methods/technologies are strictly indispensable to protect the metal surface from the
detrimental effect of the environment as well as to preserve its integrity. Although
many technological prospects have been formulated, still now focus is given on the
development of methods for surface modification/functionalization of materials. The
definition of surface modification/functionalization directs the employment of a pro-
cedure to introduce new properties to an existing material to fulfil the requirement for
a particular application. These techniques have been used from the ancient times aim-
ing for an improved response of a material when it interacts with the environment.
After the evolution of nanoscale materials and nanotechnology, this functionalization
is performed in either by manipulating the material composition in molecular level or
by making an optimized coating onto the material surface. Basically the surface modi-
fication is performed by applying advanced coatings onto the material surface. These
coatings offer an efficient physical barrier clogging the approach of corrosive species
to the metal surface, thereby lengthening the lifetime of the equipment. Additionally
these coatings are capable to suppress the corrosion process, if the protective barrier
is disrupted by any means. Hence these corrosion protective materials require the use
of anticorrosion pigments or corrosion inhibitors which will protect the underlying
metallic surface. Further the thickness of coating and optimization of the number of
layers strictly depends on the application for which it is intended. Generally the thick-
ness varies from micro to millimetres, and the number of layers varies according to
the targeted application. Each of the layers is designed to aim specific functionalities
like as adhesive to the metal surface or in between the metal and other coating layers,
corrosion inhibitor, water-repellent, antifouling/wear resistive agent, etc.

From the heritage of mankind, animal fat, gelatins, beeswax, clay minerals,
and different vegetable oils have been employed as the coating material to protect
the surface of metallic articles from corrosion, to retain brightness, for lubrica-
tion, etc. [1]. Later on with the passage of time, the boost on nanomaterials and
nanotechnology developed many advanced routes for surface coating, but still now
some of the ancient coating materials are in use. Afterwards the chromate-based
surface treatments are developed and show efficient corrosion protective proper-
ties; however the use of hexavalent chromium is imposed legislatively (because of
its carcinogenic properties) in most of the areas excluding the aerospace industries.
Therefore more focus has been paid to design advanced, nontoxic (low-volatility,
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organic, hexavalent chromium- and isocyanate-free compounds), and low-cost
coatings for corrosion protection. In this regard, many of the nanomaterial-based
coatings (organic, inorganic, or composites) have been formulated and demon-
strated successfully.

2. Materials and processes

These coating materials are applied in various sectors to prevent corrosion and
to retain the integrity of the metal performance. Generally two main strategies have
been considered to achieve the required functionalities into coatings: (a) encap-
sulation or loading of the active species in host carriers and (b) manipulation in
composition of the coating matrix to include bulk or surface functional groups. The
former one involves the intermixing of carriers of active agents (polymeric capsules,
nanotubes, mesoporous inorganic particles, clays, etc.) along with the functional
species (cerium ions, benzotriazole, nitrates, silyl esters, etc.) with the coating
matrix. These carriers act as the reservoirs that store the active material and release
at the time of requirement. It is necessary to maintain the compatibility and to check
the long-term stability of the carrier material with the coating matrix. A number of
carriers, functional species, and coating matrix have been summarized in Table 1.

In addition to the above-discussed processes, an alternative route is also
explored and demonstrated successfully for corrosion protection. It constitutes
the functionalization of the coating surface or bulk matrix by manipulating its
molecular structure and composition [11-16]. Out of others, the process involving
the manipulation of cross linking/molecular structure of the polymeric matrixes
by integrating different additives (like cyclic carbonates, amines, and siloxanes) is
considered as the greener route to surface functionalization. As a result a thin and
dense cost-effective coating is formed showing improved protective action with
better durability. Some examples on the coating materials based on surface modifi-
cation is presented in Table 2.

Substrate Coating Matrix Active agent Carrier Reference
Steel Epoxy polymer Polysiloxanes Urea-formaldehyde [2]
microcapsules
Aluminium Sol-gel Cerium (III), Lanthanum Hydroxyapatite [3]
(111), Salicylaldoxime, particles
8-hydroxyquinoline
Steel Primer Silver Silica [4]
Galvanised Silane Cerium ions CeO, nanoparticles [5]
steel
Glass Silane Sodium montmorillonite Sodium [6]
montmorillonite
Steel Polyester coating Benzalkonium chloride Mesoporous silica [7]
Aluminium Epoxy Mercaptobenzothiazole Polyelectrolyte [8]
and nanocapsules
Galvanneal
Steel Acrylic paint Silver Polymer [9]
microparticles
Al alloys Epoxy Silyl ester Polymeric capsules [10]
Table 1.

Examples of different active agents, carriers, and coating matrixes used for coatings to protect the metallic
surface from corrosion.
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Substrate Coating matrix Active agent References
Al alloys Polyester Various silane [17]
AZ31 Epoxy Various silanes aminosilanes [14]
Steel Acrylics Inorganic fillers [18]
Zinc and Polyvynilbutyral PANI-emeraldine salt of paratoluene [19]
AA2024 sulphonic acid

AA2024 Epoxy PANI-lignosulfonate [20]
Steel panels Commercial resins Glycidyl carbamate [21]
Steel Silicone rubber Inorganic nanoparticles [22]
Tin Poly (methyl Mixture of silanes [16]

methacrylate)
Steel Epoxy-ester dodecylbenzenesulfonic acid polyaniline [23]
Table 2.

Examples of different active agents used in manipulation of the coating matrix to make effective coatings for
corrosion protection.

3. Conclusion

The encapsulation of coating matrixes with active agents provides an advanced
route to maintain the properties of metallic materials used in different technological
applications. Also the functionalization of surface with active materials by manipu-
lating the molecular composition adds another route to prevent corrosion. Further
the coating thickness and number of layer optimization is strictly needed to achieve
an efficient coating. Therefore not only on the material development but also focus
should be given to manage the compatibility among the coating layers and efficien-
cies of carrier material to hold active agents for targeted applications. This book
aims to present detailed information and current advancements in the coatings
technology applied to prevent the metallic substrates from corrosion maintaining its
integrity.
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Chapter2

Fabrication of Apatite Films

on Ti Substrates of Simple and
Complicated Shapes by Using
Stable Solutions of Ca Complex

Chihiro Mochizuki, Mitsunobu Sato and
Tohru Hayakawa

Abstract

Titanium (T1) is known as the most popular implant materials. In addition, the
coating technology of hydroxyapatite (HA) or carbonate-containing apatite (CA)
on Ti substrates having various shapes has been interested from the viewpoint for
improvement of implant’s osteoconductivity. The fabrication of apatite coatings on
metallic substrates has been investigated by several techniques. We developed novel
wet processes using some stable solutions in which Ca complexes and phosphate
ion dissolve simultaneously. The CA film can be deposited homogeneously on
substrates, Ti plate and Ti fiber mesh, using a stable precursor solution involving a
Ca* complex of ethylenediaminetetraacetic acid (EDTA). Another stable aqueous
solution was prepared by the addition of phosphoric acid to a calcium hydrogen
carbonate solution. The solution is adequate to be sprayed facilely onto a Ti plate
by using an airbrush. It is important that the fabricated apatite films by the spray
process have the characteristic network structures. The materials with these CA
films are nontoxic and have the excellent bonding ability to bone tissues.

Keywords: apatite film, implant, Ca complex, chemical process

1. Introduction

Titanium (Ti) and its alloys are the most commonly used metal for the manufac-
ture of orthopedic implants, while hydroxyapatite (HA), which is a calcium phosphate
ceramic, is bioactive and biocompatible when used as a bone substitute. To improve the
biocompatibility and mechanical properties of prostheses, calcium phosphate coatings
on titanium surfaces are often investigated in order to combine the benefits of both
the materials [1, 2]. In addition to HA, the deposition of other carbonate-containing
apatite (CA) films on titanium substrates is interesting because of the resulting chemi-
cal resemblance to bone mineral [3]. For the coating method, physical vapor deposi-
tion (PVD) techniques such as ion plating [4], magnetron sputtering [5], and ion beam
dynamic mixing [6] have been introduced to deposit thin calcium phosphate coatings
on medical or oral implants. A plasma spray technique, which is a physical process,
is currently the most widely used method for the deposition of calcium phosphate
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coatings on Ti substrates [7-10]. However, plasma-sprayed calcium phosphate coatings
have some shortcomings such as faster degradation and fatigue of the coating; more-
over, their long-term clinical safety has been questioned [11-13]. On the other hand,
Liu et al. [14] deposited a thin hydroxyapatite film on stainless steel using a water-
based sol-gel technique. A dense and adhesive apatite coating can be produced through
water-based sol-gel technology after short-term annealing at around 400°C in air.

Kim et al. [15] used a sol-gel method to coat a fluoro-hydroxyapatite film on a zirconia
substrate. The use of the sol-gel technique has the potential for applying uniform coat-
ings to porous substrates. However, in the conventional sol-gel process, alkoxides are
employed, and the rigorous exclusion of water from the system is essential for the syn-
thesis and conservation of the precursor alkoxides and their solutions since the process
is based on partial or complete hydrolysis of such metal alkoxides [16]. Furthermore,
Leeuwenburgh et al. [17, 18] and Siebers et al. [19, 20] reported a CA coating produced
using electrostatic spray deposition (ESD) that was originally developed to fabricate
thick ceramic films for solid electrolytes [21]. Amorphous films deposited by ESD on

a substrate heated to 470°C converted to crystalline CA films after heat treatment at
temperatures above 700°C for 15 s in air. Additionally, Siebers et al. [22] assayed the
cell proliferation, alkaline phosphatase activity, and osteocalcin concentration of the
osteoblast-like cells of the CA coatings deposited by ESD.

This chapter focuses on the fabrication of apatite film on Ti substrate by chemi-
cal process used in the metal complexes. We prepared two coating solutions with
sufficient concentrations of Ca** complex and PO,>~ ion. CA film on Ti substrates
fabricated by the solvent of one solution is ethanol, and another one is aqueous
solution. Resultant films evaluated the characteristic and animal experimental.

2. Molecular precursor method for apatite coating on titanium substrates
2.1 Preparation of stable coating solution by molecular precursor method

The molecular precursor method (MPM) that was developed in our study is one of
chemical processes for fabricating metal oxide and phosphate thin films [23-28]. This
method is based on the design of metal complexes in coating solutions with excellent
stability, homogeneity, miscibility, coatability, etc., which have many practical advan-
tages. This is because metal complex anions with high stability can be generally dissolved
in volatile solvents adequate to spin-coating, etc., by combining them with appropriate
alkylaminesvia acid-base reaction. Furthermore, the resultant solutions can form excel-
lent precursor films through various coating procedures. The precursor films involving
metal complexes should be amorphous in order to obtain homogeneous films without
crack and pinhole. Heat-treatment is usually employed to fabricate the desired metal
oxide or phosphate films by eliminating the ligand in the metal complex and alkylamine
in the precursor films. It is important that densification of the films during heat treat-
ment occurs only in the vertical direction on the substrate.

The molecular precursor solution for the CA coating was obtained as an ethanol
solution by adding diphosphate salt to a butylammonium salt of Ca complex with
EDTA, which was isolated by the reaction of ethylenediamine-N, N, N, N'-
tetraacetic acid (EDTA) and Ca(CH;3;C0O0),-2H,0 from the hot aqueous solution.
The obtained solution was clear and stable.

The general procedure for preparing the molecular precursor solution is shown
in Figure1 [29].

The abovementioned Ca complex was isolated as a white powder and character-
ized by elemental analysis, Fourier transform infrared (FT-IR), and thermogravim-
etry-differential thermal analysis (TG-DTA). Figure 2 shows the FT-IR spectra of
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mixing

l

molecular precursor solution

Figure 1.
Schematic of preparation of precursor solution.

the white compound. The characteristic peak assignable to carboxyl group can be
observed at 1620 cm ™. The peaks at 1200, 2980, and 3360 cm ™" can be assigned to
Hs0O," ion. Figure 3 shows TG-DTA curves of the obtained white compound. The
endothermic peak with the mass loss at 235°C can be assigned to the elimination of
the coordinated water molecules. It was clarified by these results that the number of
coordinated water is 2. The exothermic peak with the mass loss from 324 to 464°C
corresponds to the combustion of EDTA. As a result, the chemical component of
the isolated white powder was confirmed as (H) (HsO,) [Ca(edta)] and consistent to
the elemental analysis.

The isolated Ca complex of EDTA is not soluble to ethanol, producing a sus-
pended solution when the compound is added into the solvent. However, by the
addition of dibutylamine to the suspended solution, a clear solution can be facilely
obtained. In addition, the dibutylammonium salt of the Ca complex with EDTA
produces an amorphous film on the Ti substrate by spin-coating before firing,
under the presence of phosphate ion.

White cmpound

Transmittance/a.u.

i
4000 2000 1000 400
Wavenumber/em™

Figure 2.
FT-IR spectra of EDTA and white compound.
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Figure 3.
TG-DTA curves of white compound.

When an aqueous solution of 85 mass% phosphoric acid was directly added to
the dibutylammonium salt of the Ca complex with EDTA in ethanol instead of the
dibutylammonium diphosphate, the gelation of the mixed solution was observed
after several days at ambient temperature. This may be caused by the hydrolysis
involving Ca®* and PO, species due to the copresence of the large amount of water
molecules derived from the aqueous solution of phosphoric acid. It is important to
note that the present molecular precursor solution does not occur in such a hydroly-
sis for several months, due to the negligible amount of water in the solution.

2.2 Fabrication of the apatite films

Machined commercially pure wrought Ti disks were used as a substrate material.
The molecular precursor solution was dropped onto the Ti surface to cover the entire
area of the disk. The precursor films formed on the disks were dried at 60°C for
20 min and then fired at 300, 400, 500, 600, and 700°C for 2 h using a furnace in air.

Figure 4 shows the XRD patterns of the coating films on the substrate at dif-
ferent firing temperatures. No peak could be observed when the precursor films
were fired at 300 and 400°C, in the exception of the peaks assignable to Ti. Thus,
the heat treatment below 400°C did not produce calcium phosphate crystals on
the Ti substrate. Thermal analysis of the molecular precursor gel demonstrated
that the decomposition of organic materials occurred at around 360°C and
that complete decomposition of organic materials can be achieved at a firing
temperature higher than 400°C. By the heat treatment at 500°C, the thickness
of the coated film decreased more than that at 300°C. Also, in the XRD patterns
of the heat-treated films at 500°C, the peak intensities assignable to Ti substrate
increased in comparison with those obtained at 300 and 400°C. These changes in
film thicknesses and detection of the Ti substrate are due to the combustion and
removal of organic material in the precursor film. The organic materials in the
precursor film on the Ti disk disappeared completely at the temperatures in the
range 600-700°C.

The CA film formed at a firing temperature at 500°C was almost amorphous,
but the films formed at firing temperatures of 600 and 700°C showed a crystalline
structure. The greater intensities of the rutile and anatase peaks resulted from heat
treatment of the Ti substrate. It is thus suggested that a firing temperature at 600°C
is suitable for the production of a thin CA film on the Ti substrate.

The surface of the coating film is quite smooth with no crack nor pinhole.
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Figure 4.
XRD patterns of CA film firing at several temperatures.

2.3 Characterizations of the fabricated film

Table 1 lists the changes of film thickness and Ca/P ratio, which was measured
by electron probe microanalysis (EPMA), of the coating films fired at 600°C on
titanium disk by immersing them in phosphate-buffered saline (PBS, pH = 74). It
was thus shown that this crystalline apatite film on the Ti substrate is robust to the
immersion in PBS. Only a slight crack could be observed after immersion for 7 and
28 days, respectively. No distinct degradation of the deposited coatings was detected.
However, the gradual decreases of the Ca/P ratio of the coating film were observed
after immersion in PBS. It is suggested that ion exchange reaction between the coating
film and PBS occurred gradually via the dissolution/precipitation process.

The tensile bond strength of the coated film onto the Ti substrate was mea-
sured to evaluate the degree of adherence. Table 2 lists the tensile bond strength
of CA film on the Ti substrate. The tensile bond strengths of several coating films
onto Ti have been reported as follows: 31.9 MPa by the plasma spraying method

Immersion period (day) 0 1 7 28

Coating thickness (pm) 0.44 (0.01) 0.45 (0.01) 0.43 (0.01) 0.45 (0.04)

Ca/Pratio 1.56 (0.04) 1.40 (0.05) 1.41(0.04) 1.31 (0.05)
Table 1.

Change in thickness of CA film after immersion in PBS.
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Substrate Tensile bond strength (MPa)
Uncoated titanium 421 (94)
Coated film before PBS immersion 40.2 (5.6)
Coated film after PBS immersion 38.6 (6.3)
Table 2.

Tensile bond strength of CA film on Ti substrate.

[30], 8.02-45.82 MPa by ion beam sputtering deposition [31], 59.0 MPa by ion
beam dynamic mixing [6], and 32.50 MPa by plasma spraying coating to titanium
plasma-sprayed titanium [32], respectively. The bond strength obtained in the
present study, 40 MPa, was compatible with these reported values, although it was
impossible to obtain the real interfacial bond strength by this method owing to the
cohesive failure of the epoxy glue used to fix the samples (Table 2).

2.4 Animal experimental and histological evaluation

The CA films on a Ti screw cylinder for animal experiments were coated by
using the abovementioned ethanol solution as follows. The Ti screw cylinders were
immersed in the molecular precursor solution for 5 min and taken out from the solu-
tion slowly. Subsequently, the precursor films that formed on the Ti screw cylinder
were dried at 60°C for 20 min and then heat treated at 600°C for 2 h in air using
a furnace. The film thickness was approximately 0.16 pm, and the Ca/P ratio was
1.49 + 0.20. All implants, CA-coated Ti screw cylinder and uncoated Ti screw cylin-
der, were sterilized in an autoclave before surgery; the implants were inserted into the
trabecular bone of rabbits according to a previously used technique [33, 34]. After the
implantation for 2, 4, 8, and 12 weeks, no clinical signs of inflammation or adverse
tissue reactions were observed at sacrifice. All implants were still in situ at sacrifice.
After implantation for 2 weeks, as has been shown in Figure 5, the overall trabecular
bone response to the two different implant surfaces was almost identical [35]. With
progress of implantation time, as for both implants, new bone and remodeling were
observed, and no clear differences in bone responses to the two different implants
could be seen (as shown in Figure 6). Then, besides a descriptive evaluation, the
percentage of bone contact was determined for the 4-, 8-, and 12-week specimens.
Table 3 shows the results of the measured percentage of bone-implant contact. At 4
and 8 weeks, no significant difference existed in bone contact between uncoated and
CA-coated implants (P > 0.05). However, after 12 weeks, statistical analysis revealed
that the amount of bone contact to the CA-coated implants was significantly higher
than the uncoated titanium implant (P < 0.05).

Figures.
Histological appearances of (a) uncoated Ti screw cylinder and (b) CA-coated Ti screw cylinder 2 weeks after
implantation.

14



Fabrication of Apatite Films on Ti Substrates of Simple and Complicated Shapes by Using Stable...
DOI: http://dx.doi.org/10.5772/intechopen.80409

Figure 6.
Histological appearvances of (a) uncoated Ti screw cylinder and (b) CA-coated Ti screw cylinder 12 weeks after
implantation.

Implantation periods
4 weeks 8 weeks 12 weeks
Uncoated 46.4 (16.6) 58.2 (12.4) 71.3 (6.9)
CA coated 477 (14.9) 61.8 (10.8) 80.7 (5.6)

Means connected with vertical lines are not significantly different at P > 0.05.

Table 3.
Percentage of the measured bone-implant contact.

Wolke and coworkers suggested that 1-um-thick heat-treated Ca/P sputter coatings
on roughened Ti implants appear to be of sufficient thickness to show bioactive proper-
ties under in vivo conditions [36]. Our study demonstrated that a CA coating with a
thickness of approximately 0.16 pm, which was also inserted into the trabecular bone of
the rabbit, has a beneficial effect on the bone response during the healing phase.

From these results, it was suggested that the MPM is promising as the apatite
film formation method. Furthermore, this method is useful to fabricate the apatite
films homogeneously on various and complicated shapes, e.g., Ti mesh [37].

3. Aqueous spray method for apatite coating on titanium substrate
3.1 Preparation of aqueous spray solution

We first prepared a clear solution by blowing CO, gas into an aqueous solution of
calcium hydroxide [38]. Into the solution, an aqueous solution involving phosphoric
acid was then added slowly, and a clear solution could be prepared. Generally, Ca**
ion reacts immediately with PO,’” ion in aqueous solution, and calcium phosphate
compounds precipitate. However, the finally obtained solution is stable if enough
concentration of CO, is maintained in the solution. In fact, many crystals of
brushite (CaHPO,.2H,0) deposited when CO, in the solution decreased. Therefore,
the periodical blowing of CO, into the solution can prevent from precipitating such
calcium phosphate compounds.

3.2 Fabrication of the apatite films
The CA film on a Ti plate was fabricated by the aqueous spray method and

characterized precisely [38]. In the spraying process with a pressure of 0.2 MPa sup-
plied by an air compressor, the mist of the aqueous solution emitted from the nozzle
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of an airbrush was vertically collided on a preheated Ti substrate. The thickness of
the sprayed film measured by a profilometer and those of the films obtained by heat
treatment of the sprayed film at 400-700°C under an Ar gas flow were in the range
1.21-1.40 pm. The well-developed network structure with many round particle was
observed on the surface of the sprayed CA film, as has been shown in Figure 8. The
characteristic network structure of the films fabricated in this present work can be
also observed for those formed by the ESD method [17-20]. The size of the network
structure found on the surface of the present films (10-15 pm) was twice as large

as those of the films formed by ESD method (5-7 pm) [39]. The round bulged wall
may be formed by spreading of the mist reached on the surface. The round particles
(Figure 7), which were not observed for the films formed by the ESD method, may
be formed by particle growth of the crystal nuclei generated in the sprayed mist
during the approach to the substrate and appeared on the film surface. This dif-
ference in morphology may be due to the size of the fine drops in the mist and the
boiling point of the solvent.

The apatite deposition on the preheated substrate occurs through at least the
following four steps. Firstly, spraying of the aqueous solution with compressed air
from the nozzle forms fog-like drops of the solution. Secondly, the fog-like drops
gradually evaporate due to heat near the substrate, and a continuous increase in ion
concentration in the drops occurs during the approach and before contact with the
substrate. This step includes the partial removal of CO, gas. In the next step, the
concentrated sprayed drops in the mist collide with and spread on the substrate. In
the fourth and final step, the spread apatite immediately deposited on the substrate
by evaporation of the water molecules in the hydrated ions, and the apatite accumu-
lates by continuous collision of the concentrated sprayed mist.

From the XRD measurement of the sprayed film, it is clear that the apatite struc-
ture is easily formed using this method. In addition, the surface morphology of the
sprayed film did not change by heat treatment at 400-700°C under an Ar gas flow.

On the other hand, the amount change of the spray solution caused the drastic
change of the surface morphologies. Figure 8 shows the tilt-viewed surface mor-
phologies for A whose spray amount and film thickness were 25 mL and 1.3 pm
and B whose spray amount and film thickness were 5 mL and 0.11 pm, respectively
[40]. The image of the thinner-film B indicated that the formation of the network
structures with round particles occurred as found on the thicker-film A, even if the
amount of the sprayed solution decreased.

On the basis of these SEM images, Table 4 also lists the averaged border heights
of 10 arbitrarily selected networks. The other two films, A’ and B’, were prepared
by heat treating A and B, respectively, at 600°C for 10 min under Ar gas flow of

Figure 7.
Surface morphologies of the (a) Ti substrate and (b) sprayed film (the amount of spray solution is 25 mL).
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Figure 8.
Tilte-viewed SEM images of Ti substrate (Ti), spray amount of 25 mL on Ti (A) and spray amount of 5 mL
(B). The tilte angle was 85°.

0.5 L min~". The ratios of border height to thickness of A, A*, B, and B were 0.6,
0.8, 2.4, and 2.8, respectively. Thus, the degree of film shrinkage in the vertical
direction by thermal densification was larger than that of border height reduction
when the films A and B were heat treated in the abovementioned conditions.

3.3 Characterizations of the fabricated film

The results of elemental and Fourier transform infrared (FT-IR) analyses of the
powder mechanically collected from the surface of the sprayed film agreed well
with those of Calo(PO4)6(CO3) 2C023H20

Figure 9 shows the FT-IR spectra of the powders collected from the sprayed film
before heat treatment and those heat treated at different temperatures. The bands
around 1639 and 3435 cm ™" are likely due to water molecules, but not the hydroxy
group. The peak at 2343 cm ™, which was observed for both the sprayed film before
heat treatment and those heat treated at 400°C and 500°C, can be assigned to the
asymmetric stretching mode of the CO, molecule [41]; the corresponding peaks
for the two films heat treated above 600°C were extremely small. This unexpected
behavior of the films heat treated above 600°C may be due to crystallite decay that
occurs by elimination of CO, molecules that were initially inserted in the apatite
skeleton, as shown in the FT-IR spectra.

The shear stresses developed in the sprayed film before heat treatment and the
sprayed films heat treated at different temperatures were measured. For the film heat
treated at 700°C, the shear stress exceeded the measurable limit, indicating more
than 133 MPa based on the maximum load of this instrument (0.50 kg). The shear
stress of the sprayed film (21 MPa) is notably larger than the value reported (13 MPa)
for an HA film formed on a Ti substrate via plasma spray deposition [42]. The spray
solution contains various ions, such as hydroxide, carbonate, and phosphate ions,
that may act as bridging ions and can readily form strong chemical bonds at the
interface of the Ti substrate and the film. The remarkable decrease in wthe shear

Notation Average film thickness Average border height
pm pm
A 1.31(9) 0.84 (7)
A 1.21(4) 0.98 (9)
B 0.12(2) 0.29 (3)
B’ 0.11(1) 0.31 (6)
Table 4.

Average thicknesses and average border height of network of A, A’, B, and B’.
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Figure 9.
FT-IR spectra of the powders obtained from the sprayed film and heat-treated films.

stresses observed for the films heat treated at 400 and 500°C can also be explained
by the following assumption; at these low temperatures, a large amount of CO,

may be eliminated from the films, because the TG curve shows that CO, moieties
were removed below 600°C. As a result, the densities of these films formed at low
temperatures are relatively low as compared to those obtained at higher temperatures
which cause sufficient film densification.

3.4 Animal experimental and histological evaluation

Bone responses of Ti implant and CA sprayed on Ti implants, A’ and B’, were
evaluated after implantation into a femoral bone defect in rats [43]. After implantation
at 2 weeks, differences in the histopathological appearances of cortical bone forma-
tion around the implants revealed new bone formation in all implants (Figure 10).

B

A

Cortical bone
part

Bone marrow
part

300 jum

Figure 10.
Histological appearances of Ti, A’ and B’, 2 weeks after implantation.
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Notation Cortical bone part Bone marrow part
2 weeks 4 weeks 2 weeks 4 weeks
Ti 297 (14.8) 46.1(76) 22.6 (6.9) 276 (14.8)
A 461 (10.0) 641 (8.2) 465 (94) 63.8 (10.2)
B’ 414 (11.7) 78.7 (4.8) 34.9 (12.3) 72.3 (18.6)
Table 5.

Measured BIC in cortical bone and bone marrow part of implant specimens.

Notation Load/N

Ti 33(0.2)

A 20.1(0.7)

B’ 23.4 (5.5)
Table 6.

Measurement push-in loads of implant.

Haversian canals were observed in A’ and B’, but not in Ti. The bone marrow demon-
strated more distinct differences in new bone formation between Ti- and CA-coated
specimens. Greater amounts of new bone formation were observed for A’ and B’ than
for Ti inside the bone marrow. Newly formed bone in bone marrow was trabecular
bone, and a part of new bone was formed close to implant materials, A’ and B’.

There were no significant differences in BIC (bone-to-implant contact) in the cor-
tical bone among the three different implants 2 weeks after implantation (p > 0.05;
Table 5). However, 4 weeks after implantation, A’ and B’ showed significantly higher
BIC than Tj, and BIC was the highest in B’ (p < 0.05). Indeed, BIC was significantly
higher for A’ and B’ at 4 weeks post-implantation than that at 2 weeks (p < 0.05). In
the bone marrow, A’ showed significantly higher BIC than Ti and B’ at 2 weeks after
implantation. At 4 weeks after implantation, BIC of A’ and B’ was significantly higher
than Ti (p < 0.05). No significant differences existed between A’ and B’ (p > 0.05).
BICs of 4 weeks post-implantation were significantly higher than those of 2 weeks for
A’and B’ (p < 0.05).

CA-coating specimens A’ and B’ provided significantly greater amounts of BIC
in cortical bone and bone marrow than Ti alone. B’ was more effective in increasing
BIC than A’. It is well known that rougher surfaces provide faster and more bone
formation [44]. However, the surface roughness did not contribute to an increase
of BIC. Mochizuki et al. [40] previously evaluated the attachment, proliferation,
and differentiation of osteoblast-like cells on CA-coated Ti. They found that initial
attachments of osteoblast-like cells increased due to CA coating and no difference
was observed between A’ and B’. On the contrary, cell differentiation was enhanced
more on B’ than on A’. They speculated that reduced border heights in the network
structure of B’ were preferred for the spreading of the osteoblast-like cells, and as a
result, mineralization would be more accelerated with B’. Therefore, higher BIC in
the cortical part was obtained for B’ in the present animal experiments.

The bonding ability of CA-sprayed implant into the bone was examined
by push-in tests. A’ and B’ showed significantly higher push-in loads than Ti
(p < 0.05), and there were no significant differences between A’ and B’ (p > 0.05;
Table 6). A push-in test was performed to evaluate the bonding between the
implant and surrounding bone. Both CA-coating implants produced tighter bond-
ing to the bone than Ti. Surface roughness did not influence the values in push-in
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tests. Lin et al. [45] also reported that surface modification with hydroxyapatite
nanoparticles increased the push-in values 2 weeks after implantation into the
femur of rats. In the present study, we only monitored the peaks at the load-
displacement curve. Studies for the failure mode during the push-in test will be
necessary to analyze the bonding of CA films to Ti.

4. Conclusion

Using two different Ca complexes, the fabrication of carbonate-apatite films was
achieved. The ligands of used complexes play an important role to inhibit the direct
reactions of Ca”** ion with PO,>~ ion in ethanol and aqueous solutions. Furthermore,
these ligands of the complexes could be facilely removed by usual heat treatment, pro-
ducing carbonated apatite. The film fabrication by using the ethanol solution, molecu-
lar precursor one, involving a Ca complex of EDTA was convenient to form CA films
on a Ti plate and screw-type cylinder. The fabricated CA films on a plate have smooth
surface and adhered well even if the substrate has a 3D structure such as screw [37]. In
addition, a VOC-free coating of CA on a Ti plate was accomplished using an aqueous
spray method. The method can easily regulate the thickness and the morphologies of
the obtained CA film by changing the amount of spray solution. It was also suggested
that the surface morphology of the fabricated CA film by this method is important for
the bone reproduction by the CA-coated implant. The CA coating on Ti substrate by the
molecular precursor and aqueous spray methods will be useful to clinical application in

the field of dentistry.
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Abstract

The fast consumption of fossil fuel resources and economic competitiveness
makes it necessary to increase the efficiency of turbine engines. For this purpose,
thermal barrier coating (TBC) has been used on some critical parts of gas turbines.
Yttria-stabilized zirconia (YSZ) is widely and commercially used as a ceramic top
coat material for TBC in the gas turbine system. On the other hand, the efforts
to identify new material having better properties than YSZ have been continued.
Gadolinium zirconate (GZ) is a promising alternative TBC material with its lower
thermal conductivity, better sintering ability, and higher melting point and phase
stability than YSZ. However, recent research studies on the responses of GZ-based
TBC materials to the complex demands of modern gas turbine applications should
be gathered under a study by comparing them with the results of traditional TBC
material. This chapter discusses the GZ based TBC system, specifically addressing
issues related to the production process and designing of the coating architecture, in
comparison with some of the significant properties with YSZ and the test method-
ology. Moreover, the chapter also contains information about laser surface modifi-
cation of the GZ-based TBC.

Keywords: thermal barrier coating, gadolinium zirconate, multilayered,
functionally graded, thermal conductivity, thermal cycling, thermal shock,
hot corrosion, CMAS resistance, laser surface modification

1. Introduction

Temperature acting on hot section of gas turbine goes up to about 1300°C during
engine operation. However, metallic materials cannot be used at these temperatures
due to harsh effect of the high temperature. Therefore, a thermal barrier coating
(TBC) system is needed to satisfy effective protection to the metallic components of
the gas turbine engines [1-3]. Generally, a conventional TBC system consists of four
layers having different functions, as seen in Figure 1.

The first part of a TBC system is metallic substrate. Ni-based superalloys
(INCONEL) are the most widely used metallic materials in parts of the turbine
blade and combustion chamber due to their resistance to high-temperature
conditions [4]. Therefore, the substrate material of the TBC system is generally
INCONEL alloys.
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Figure 1.
Thermal barrier coating system.

The bond coat layer is the second part of the TBC system. The MCrAlY (M = Ni,
Co, or both of them alongside Fe) bond coating powders are coated with a thickness
of 75-150 pm on INCONEL substrate in different techniques such as high-velocity
oxy-fuel (HVOF), atmospheric plasma spray (APS), suspension plasma spray
(SPS), low-pressure or vacuum plasma spray (LPPS or VPS), and electron beam-
physical vapor deposition (EB-PVD). HVOF is the most suitable method to produce
the MCrAlY bond coating layer on the substrate due to its cheapness and sufficient
characteristic properties [5]. The basic properties expected from the bond coating
layer are as follows:

1. The bond coat should provide good oxidation resistance to metallic substrate.

2.The bond coat should provide good adherence between the metallic substrate
and ceramic top coat.

3.The bond coat should tolerate the thermal expansion mismatch between the
metallic substrate and ceramic top coat.

The third part of the TBC system is a thermally grown oxide (TGO, predomi-
nately alpha-alumina) layer between the top coat and bond coat. A very thin TGO
layer forms on the bond coat during coating process due to oxidation of the bond
coat at the process temperatures, but it grows while the TBC system in gas turbine
is operating at high temperatures. This layer has importance because failure of the
TBCs mostly happens at the interface between TGO layer and ceramic top coat layer
when the thickness of TGO layer reaches a critical value. At elevated temperatures
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(>950°C), Al in the bond coat layer diffuses toward the bond coat layer/ceramic top
coat layer interface. On the other hand, oxygen penetrates through the ceramic top
coat layer and reacted with the Al. As aresult, a TGO layer forms between the bond
and the ceramic top coat [6-8].

The fourth and most important part of this system is ceramic top coat layer.

Its principal role is to reduce the temperature of metallic substrate providing an
insulation layer. Thus, efficiency of gas turbine engine is increased thanks to this
thermal insulation layer, allowing higher turbine inlet temperatures (in the range
of 100-300°C) and reduced cooling requirements. The thickness of the ceramic top
coating layer ranges between 100 and 500 pm depending on the deposition method.
Three different methods are used for the production of the ceramic top coat: (i)
EB-PVD, (ii) APS, and (iii) SPS [1, 2, 7-14]. As seen in Figure 2, the main differ-
ence among these three methods is in the morphology of their microstructure.

APS coatings have a lamellar microstructure, while EB-PVD and SPS coatings
have a columnar microstructure. Thus, ceramic top coating produced by APS tech-
nique has lower thermal conductivity due to microporosities between the lamellae.
On the other hand, microporosities between the columns provide higher expansion
tolerances in the ceramic top coating produced by EB-PVD and SPS techniques. The
APS and SPS processes are more suitable for coating large parts and cheaper than
EB-PVD process [10]. Static and stationary parts of the gas turbines are coated with
a ceramic insulating material using APS process. A ceramic top coating layer suffers
from the severe environmental effects of high temperature such as oxidation, hot
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Figure 2.
Schematic general structures of TBC produced by (a) EB-PVD method, (b) APS method, and (c) SPS method.
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corrosion, wear, and flying ash damage. Therefore, a ceramic top coating material
should have some important characteristic properties [15-17]. The basic properties
expected from the ceramic top coating material can be listed as follows:

1. A ceramic top coating material should have high melting temperature to resist
to the high temperature of gas plasma.

2. A ceramic top coating material should have low thermal conductivity to
provide good insulation to the metallic substrate.

3. A ceramic top coating material should have high thermal expansion coef-
ficient to match with the metallic bond coat and substrate’s thermal expansion
coefficient.

4.Phase structure of a ceramic top coating material should stay stable from room
temperature to operating temperature.

5. A ceramic top coating material should adhere well to the metallic substrate.
6. A ceramic top coating material should have low sintering rate.

7. A ceramic top coating material should have high resistance to erosion, corro-
sion, and oxidation.

So far, no single coating material has been found which can fully meet all these
properties listed above. However, it is believed that the best material that partially
meets these properties is 6-8 wt% yttria-stabilized zirconia (YSZ) for more than
35 years now. Therefore, YSZ is widely and commercially used as a ceramic top
coat for TBC in the gas turbine system at the present time. Although an alternative
material has not yet been developed for YSZ, studies continue. These studies are
important because YSZ has some undesirable properties, limiting working condi-
tions of gas turbine listed below:

1. Above 1200°C, a diffusionless phase transformation from metastable tetrago-
nal (t')-phase to tetragonal (t) and cubic (c) phase occurs above that tem-
perature. This tetragonal phase transforms into monoclinic phase with a high
volume change during cooling, and this phenomenon causes severe damages in
the coating.

2.The porosity of the coating decreases due to sintering occurring above 1200°C,
and thermally induced stresses come into existence. Failure possibility
increases on the YSZ-based TBC due to these stresses.

3.YSZ has a high concentration of oxygen ion vacancies. Above 1200°C, these
ion vacancies promote to oxygen transportation. Hence, a TGO layer forms
between the bond coat and the ceramic top coat. When the thickness of this
TGO layer reaches a critical value, spallation takes place in the ceramic top
coating layer.

4.YSZ can be easily and seriously damaged from the hot corrosion induced by
the existence of Na,SO, + V,0s salts coming from low-quality jet fuel and
Ca-Mg-Al-silicate (CMAS) attack caused by flying ash. Both of them give rise
to deterioration and spallation of the coating.
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As aresult of these undesirable properties:
1. The maximum use temperature use of YSZ is limited to below 1200°C.
2.YSZ is vulnerable to the hot corrosion and CMAS attack.

However, the TBC material of advanced next-generation powerful gas turbine
engines must be able to operate without any damage both in harsh environments
(under hot corrosion and CMAS attack) and at temperatures above 1200°C. The
increase in efficiency in turbine engines is directly proportional to the increase in
engine power and turbine inlet temperature. Therefore, an alternative ceramic top
coat material having much better thermal properties than YSZ should be developed
to be able to produce next-generation turbine engines. However, it is not easy to
find a new material that will be an alternative to the YSZ [8, 13, 14, 18-21] because it
requires a lot of experimental study, data, and evaluation.

Gadolinium zirconate (Gd,Zr,0; or GZ) with pyrochlore or defect fluorite-
type structure is a new and promising alternative ceramic top coating material to
YSZ. The most important features that make it advantageous are given below:

1. GZ has higher thermal stability at elevated temperatures (>1200°C) than
YSZ. Therefore, it can be used at temperatures above 1200°C.

2.GZ has lower thermal conductivity (1.3 W/ mK™ at 1100°C) than YSZ
(1.8 W/mK ™! at 1100°C). Thus, GZ provides better thermal insulation to the
metallic substrate than YSZ.

3.GZ has more superior hot corrosion resistance than YSZ. Thanks to this feature,
elements emitted due to fuel pollution are less harmful to the GZ-based TBC.

4.GZ has more resistance to the CMAS attack than YSZ. Because the CMAS pow-
ders (particles such as dust, volcanic ash, rock, etc.) entering to turbine melt
at about 900 °C and try to penetrate through the coating surface. Porosities
of the TBC are filled with CMAS, and thus strain incompatibility of the TBC
is limited. This molten CMAS cannot penetrate to GZ-based TBC due to the
sealing layer formed on the surface of the GZ-based TBC.

Thanks to these advantageous features, GZ seems to be the most efficient alter-
native TBC material for advanced next-generation powerful gas turbine engines.
However, besides all of these advantages, GZ has two poor properties affecting its
thermal cycling (TC) behavior in a negative manner. One of them is its low coeffi-
cient of thermal expansion (CTE, 10.4 x 10 K™ and 11 x 107° K™ for GZ and YSZ,
respectively), and another one is its high tendency to react with the TGO layer
(8,9, 13, 14, 19, 21-32]. These problems were solved by using multilayered (MLed)
and functionally graded (FGed) designs. In these MLed and FGed systems, a
second material balances the poor properties (i.e., CTE) of other materials and
improves TC performance of TBCs. On the other hand, the reaction between coat-
ing layer and TGO which fails the TC performance of rare earth zirconate will be
prevented owing to a third layer between GZ and TGO layers [8, 13, 14].

The purpose of this chapter is to summarize the properties of GZ-based thermal
barrier coatings. Their production techniques, coating designs, thermal conductivi-
ties, thermal cycling behaviors, mechanical properties, hot corrosion and CMAS
resistance, and laser surface modification process were compiled in the following
sections to form a meaningful whole.
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2. Coating process and coating architectures
2.1 Production of gadolinium zirconate-based thermal barrier coatings

The performance and many properties of the TBC mainly depend on the micro-
structure and hence the production techniques. In literature, gadolinium zirconate-
based thermal barrier coatings have been produced by different techniques such as
the air plasma spraying (APS) [8, 13, 14], suspension plasma spraying (SPS) [25, 30],
and electron beam-physical vapor deposition (EB-PVD) [20, 33].

In a study, GZ-based TBC was produced as single layered on metallic bond
coat using the APS process [13]. The surface and cross-sectional microstructure
of plasma-sprayed GZ-based TBC were shown in Figure 3. The surface rough-
ness (Ra) was 8.3 pm, and typical surface properties (such as unmelted particles
and open porosities) of APSed TBCs could be seen in Figure 3a. The micrographs
demonstrate typical characteristic microstructure defects of APSed thermal barrier
coatings such as cracks, both parallel (at splats boundaries) and normal to the
metal/ceramic interface, and porosities. The interface between ceramic top coat/
bond coats seems continuous and durable.

As seen in Figure 4, XRD patterns of GZ powder having an as-sprayed
GZ-based coating proved that there was no decomposition after plasma spraying
[8]. Both patterns had a cubic fluorite-type structure of GZ with the space group of
Fm3m. Gd,Zr,0; phase was maintained its stable position after APS process. Carpio
et al. [23] showed that YSZ- and GZ-based TBCs had the same porosity value when

(a) Surface and (b) cross-sectional SEM images of atmospheric plasma-sprayed GZ coating.

Figure 3.
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Figure 4.
The XRD patterns of powder and atmospheric plasma-sprayed GZ coating.
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the same APS parameters were used. These results indicate that there is no micro-
structural problem in producing GZ by APS.

In different studies [25, 30], GZ-based TBCs were successfully produced on YSZ
by suspension plasma spraying (SPS) process. SPSed GZ-based TBCs had nonpo-
rous and crack-free interface between the different top coat layers. In addition,
SPSed GZ-based TBCs had a columnar microstructure having orientation per-
pendicular to the top surface which is a characteristic of the process. On the other
hand, it is possible to obtain denser coating morphology by increasing droplet size
via changing SPS parameters. Bozbin et al. [33] produced TBCs having GZ-based
ceramic top coat by EB-PVD technique. The morphology of TBCs was columnar.
This morphology was a characteristic of the coating produced by EB-PVD process.
They showed that morphology of the GZ-based TBCs could be controlled by depo-
sition process and temperature. The results of these studies [8, 13, 14, 20, 25, 30, 33]
proved that GZ is a suitable material to be coated with different TBC production
processes (such as APS, SPS, and EB-PVD).

2.2 Design of gadolinium zirconate-based thermal barrier coatings

Despite all the superior thermophysical properties of the single-layered GZ-based
TBC, its thermal cycling lifetime is poor. Multilayered (as seen in Figure 5a—c) and
functionally graded (as seen in Figure 5d and e) coating designs with a second TBC
material have been used to overcome this problem [16]. In the multilayered (MLed)
TBCs, there are two or more coating layers having different functions. On the other
hand, a functionally graded (FGed) coating has gradual compositional variation in
the layers. In these systems, a second material having higher coefficient of thermal
expansion (CTE) balances the CTE of the system and improves TC performance
of TBCs. The residual stress on the MLed and FGed coatings is lower than that of
single-layered GZ [8, 14, 34]. The reaction between coating layer and TGO has been
prevented owing to a second material adjacent to the top of the bond coat [8, 14].

Socand Matarial

Fecond Material

Bond Coal

Second Material

ar 10% Second Material + #0% GE |

. |
Bond Coat e — al + 8T% GI 25% Second Material + ?E?ﬁ_{_ﬂf_

Second Materul >
Saoond Malerial

Bond Coat Bond Coat

Figure 5.
Schematic view of multilayeved (a—c) and functionally graded (d, e) coating designs.
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In a previous study [8], MLed and FGed gadolinium zirconate-based TBCs were
produced in 2, 4, 8, and 12 layered by APS process. In this study, CYSZ was used as
the second material because its CTE (13 x 10°® K1) was better than that of GZ
(10.4 x 107 K™"). While producing a MLed system, CYSZ or GZ was sprayed to
each layer. On the other hand, GZ and CYSZ powders were mixed at different ratios
in a turbula-type mixer to obtain different compositions, and these mixtures of
powders were sprayed to each layer. The average thickness of the ceramic top coat
was 350 pm. The interfaces between CYSZ and GZ layers were distinguishable, but
there were no distinguishable interfaces between the different layers of FGed coat-
ings. The following results were obtained from this study:

1.GZ and CYSZ powders sufficiently melted in the plasma flame.
2. Coating layers had characteristic microstructural defects of APSed TBCs.
3.Good lamination was achieved between GZ and CYSZ layers.

4. Porosity level of the ceramic top coating increased with the increasing number
of layers.

The increase in the porosity level was explained by discontinuous coating
process of MLed and FGed designs (layer-by-layer spraying).

In a study, double-layered and functionally graded GZ/YSZ coatings having five
layers were produced with the thickness of ~200 pm by APS process [23]. In the
functionally graded GZ/YSZ TBC, ratio of the GZ to YSZ was different in each layer
but bottom and top most layer were 100% YSZ and GZ, respectively. Researchers
used two independent feeders to feed GZ and YSZ powders to the plasma flame,
separately. Thus, there was no need to mix the powders before the APS process.
Thanks to this system, different compositions could be obtained in each layer at the
desired grade. It could be understood that it was possible to deposit the GZ and YSZ
with functionally graded design by APS.

Mahade et al. [9, 29, 30] produced a double-layered GZ/YSZ and a triple-layered
GZ dense/GZ/YSZ TBC by SPS process. The schematic view of their design was
given in Figure 6. The morphology of the coatings was columnar, which was
characteristic of the SPS, but dense in the topmost layer of the triple system. They
aimed to increase the CMAS resistance of TBC thanks to a dense GZ layer on the
topmost layer of triple-layered system. The density of coating layer was adjusted by
changing the SPS parameters such as temperature and gas flow. The microstructure

Figure 6.
Schematic view of GZ/YSZ (a) double-layered and (b) triple-layered systems [9, 29, 30].
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from the top surface of double-layered GZ/YSZ TBC was resembling a cauliflower,
but top surface morphology of triple-layered TBC was denser due to dense GZ layer.
Mutilayered GZ/YSZ TBCs having ten layers were deposited by EB-PVD process
[35]. In addition, nano-layered GZ/YSZ TBCs having ~200 nm layer thickness
were produced by the same process. The production of multilayered TBCs was
carried out by alternating layers of GZ and YSZ during deposition. As expected, the
morphology of the coating was columnar. These results proved that GZ-based TBCs
could be deposited with different techniques and designs to improve some of their
properties by using a second coating material.

3. Thermal properties

3.1 Thermal conductivity of gadolinium zirconate-based thermal barrier
coatings

It can be said that the thermal conductivity is the most important property of
the TBC. Therefore, mechanisms of heat transfer of the TBC material have a great
significance. The phonons are primarily responsible for thermal conduction of
ceramic materials. So thermal resistivity of the ceramic materials depends on the
scattering of phonons. There are a lot of ways to scattering of phonons. One of them
is to disturb the lattice vibration with additional scattering centers such as crystallo-
graphically changing to a lower symmetry, presence of different atoms inside a unit
cell, porosities, grain boundaries, and impurities. As the number of these scattering
centers increases, the thermal conductivity decreases [16]. Therefore, Gd,Zr,0,
having pyrochlore and disordered fluorite structure has low thermal conductivity
due to the oxygen vacancies in the unit cell.

Table 1 summarizes the lowest and highest thermal conductivity values of the
GZ- and YSZ-based TBCs at specific temperature ranges produced by different
techniques and having different coating designs. In addition, the thermal conduc-
tivity data of YSZ-based TBCs were given in Table 1. As understood from the data
in the table, the thermal conductivity of the coating was influenced by the produc-
tion method. This difference is entirely related to the different characteristics of
microstructural morphology of the production processes. The lowest thermal
conductivity values were obtained in the TBCs produced by APS due to its porous
and lamellar morphology containing a lot of defects such as unmelted particles
and cracks at splat boundaries. They acted as phonon scattering centers. On the
other hand, thermal conductivity values of the TBCs produced by SPS and EB-PVD
technique were higher than the TBCs produced by APS. This was because columnar
morphology of the TBCs is produced by SPS and EB-PVD. Moreover, it is seen that
the GZ-based TBCs had lower thermal than the YSZ-based TBCs produced by the
same method and having the same design. This situation could be explained by oxy-
gen vacancies acting as phonon scattering centers in the unit cell of GZ-based TBCs.

MLed and FGed GZ/CYSZ TBCs consisting 2, 4, 8, and 12 layers were produced
by APS technique, and their thermal conductivity was analyzed by laser flash
method [8]. Thermal conductivity values of the single-layered GZ and MLed and
FGed GZ/CYSZ TBCs were lower than single-layered YSZ TBC (0.91-1.79 W/mK™"
at 25-1105°C). Results showed that the lowest thermal conductivity values at 1105°C
were achieved for ML12 and FG12 coatings having the highest number of layers.
From this point of view, it was concluded that thermal conductivity value decreased
by increasing the number of layers. This situation was attributed to the interfaces of
the layered periodicity and increasing porosity level by increasing number of layers.
Because these porosities and interfaces between GZ and CYSZ phases in the MLed
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Design Composition Production Thermal Temperature Reference
technique conductivity (W/ (°C)
mK™)
Single layered GZ APS 0.81-1.36 25-1105 [8]
Multilayered GZ/CYSZ 0.63-1.76
Functionally 0.56-1.55
graded
Single layered GZ APS 0.59-1.50 25-1100 [31]
Single layered GZ SPS 0.62-1.07 25-1000 [29]
Multilayered GZ/YSZ 0.69-1.19
Multilayered GZ dense/GZ/YSZ 0.74-1.42
Multilayered GZ/YSZ SPS 0.70-0.90 25-1200 [30]
Multilayered GZ dense/GZ/YSZ 0.82-1.24
Single layered GZ EB-PVD 1.10-2.10 400-1300 [33]
Multilayered GZ/YSZ 1.60-2.10
Single layered GZ EB-PVD 1.13-1.42 25-1316 [35]
Multilayered GZ/YSZ + Yb,O5 + Gd,0; 1.10-1.22
Fully dense GZ Sintering 1.47-1.83 25-1400 [28]
Fully dense GZ Sintering 1.65-2.05 200-1000 [3]
Fully dense GZ Sintering 1.60 700 [17]
Single layered YSZ APS 0.91-1.79 25-1105 [8]
Single layered YSZ SPS 1.57-1.96 25-1000 [29]
Single layered YSZ EB-PVD 1.38-1.62 400-1300 [33]
Fully dense YSZ Sintering 23 700 [17]
Table1.

Thermal conductivity of GZ- and YSZ-based materials produced via different processes and having different designs.

and FGed designs acted as phonon scattering centers and reduced phonon conduc-
tion. Moreover, hemispherical reflection, that is, reduced phonon conduction, was
thought to be active in the MLed and FGed designs. A similar phenomenon regard-
ing the increasing hemispherical reflection by increasing the number of layers was
reported in other studies [36].
Moskal et al. [31] produced single-layered GZ and YSZ TBCs by APS processes
and compared their thermal conductivity at the temperatures between 25 and
1100°C. According to the results, GZ-based TBC had lower thermal conductivity
(0.59-1.50 W/mK™?) than YSZ-based TBC (0.8-2.25 W/mK ™). Moreover, differ-
ences between the thermal conductivity values of the GZ and YSZ were higher at
higher temperatures (900-1100°C). In different studies [29, 30], Mahade et al.
produced single-layered YSZ, double-layered GZ/YSZ, and triple-layered GZ
dense/GZ/YSZ TBCs by SPS process. The thickness of the layers was different in
the studies. As a result of thermal conductivity measurements, they showed that
single-layered YSZ-based TBC had higher thermal conductivity than that of double-
layered and triple-layered GZ-based systems. This situation was attributed to both
oxygen vacancies in the crystal structure and larger difference between atomic
weights of the cations of the GZ-based TBC. In another study [35], single-layered
GZ and multilayered GZ/YSZ + Yb,0; + Gd,0; TBCs were produced by EB-PVD
process and analyzed their thermal conductivities at temperatures between 25 and
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1316°C. They observed slight reduction in the thermal conductivity of the coat-
ings thanks to multilayered design (1.13-1.42 and 1.10-1.22 W/mK ) for single

and multilayered systems, respectively. This decrease was tried to be explained by
increasing porosity and hemispherical reflection of the multilayered design. In the
case of sintering (fully dense material), GZ had lower thermal conductivity than
YSZ (1.6-2.3 W/mK ™" at 700°C for GZ and YSZ, respectively) due to the higher
concentration of oxygen vacancies of GZ and atomic weight difference between Gd
and ZrO, [17]. These oxygen vacancies and atomic weight differences gave rise to an
effective phonon scattering.

3.2 Mechanical properties of gadolinium zirconate-based thermal barrier
coatings

Table 2 shows some of the mechanical properties of YSZ- and GZ-based TBCs
produced by APS and sintering techniques. The bonding strength of a coating to a
substrate or cohesion strength of the coating has been determined by using adhe-
sion test. This test has been carried out according to the ASTM C-633 standard
test method. The bonding strengths of GZ/CYSZ multilayered and functionally
graded TBCs that were produced by APS were determined by using ASTM C-633
test method [8]. The bonding strength values of the single-layered GZ and MLed
and FGed GZ/CYSZ TBCs having 2, 4, 8, and 12 layers changed between 8.87 and
12.1 MPa. This changing in the bonding strength was attributed to the chang-
ing porosity level of the coatings. As the porosity value increased, the adhesion
strength of the coating decreased. On the other hand, bonding strength values of
the GZ-based TBCs (8.87-12.1 MPa) were comparable to single-layered YSZ-based
TBC (10.1 MPa) produced by the same technique [37]. Fracture type of the single-
layered GZ coating was fully adhesive (fracture at the bond coat/ceramic top coat
interface), but complex adhesive/cohesive fracture was seen (fracture both bond
coat/ceramic top coat interface and within the ceramic top coat layers) in the MLed
and FGed coatings. No fracture was observed at the bond coat/substrate interface.

Carpio et al. [23] analyzed the hardness of double-layered and functionally
graded GZ/YSZ TBCs produced by APS. The hardness values of the TBCs were 4.0
and 4.1 for double-layered and functionally graded GZ/YSZ, respectively. On the

Design Composition  Production Bonding Hardness Elasticity =~ Reference
technique strength (GPa) modulus
(MPa) (GPa)
Single layered GZ APS 12.10 — — [8]
Multilayered GZ/CYSZ 8.87-10.18
Functionally 9.21-10.68
graded
Double layered GZ/YSZ APS —_ 4.0 — [23]
Functionally 41
graded
Single layered YSZ APS 10.1 — — [37]
Fully dense GZ Sintering — 10.0 205 [17]
Fully dense GZ Sintering — 6.0 215 (3]
Table 2.

Mechanical properties of GZ- and YSZ-based materials produced via different processes and having different
designs.
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other hand, hardness value of the sintered (fully dense) GZ was changing between
6.0 and 10.0 GPa [3, 17]. The reason of this increase in the hardness was related
with the reduction of porosity and cracks after sintering process. It is suggested to
investigate the mechanical properties of the GZ-based TBCs produced by EB-PVD
technique in future works.

3.3 Thermal cycling and thermal shock performance of gadolinium
zirconate-based thermal barrier coatings

Thermal cycling performance test has been generally conducted by heating the
TBCs to the exact temperatures in exact time, holding them at that temperature
in exact time and cooling them to a certain temperature. Therefore, the failure
mechanism in the TBC that is exposed to the thermal cycle test is associated with
the stress produced by growth and shrinkage of TGO during heating and cooling.
As aresult, complex failure morphologies such as cracks propagating within the
TBC, at TBC/TGO and TGO/bond coat interface, come into existence. On the other
hand, thermal shock test has been carried out by sudden heating and cooling of the
TBCs. Thermal shock resistance of the TBC material depends on the its thermal
expansion coefficient, elastic module, fracture resistance, and phase transformation
phenomenon.

As already mentioned before (introduction part), GZ has very advantageous
properties (low thermal conductivity, high phase stability and higher CMAS,
and hot corrosion resistance than YSZ) as TBC material, but its thermal cycle
and thermal shock performance is poor. Therefore, works on GZ-based TBC are
focused on improving its thermal cycling and thermal shock performance. Thermal
cycling performance of the MLed and FGed GZ/CYSZ TBCs was tested by using
gas burner method (oxy-propane flame) [8]. TBCs were heated to 1250°C for 1 min
and cooled below 150°C by using air jet. According to the results, single-layered GZ
fully spalled after 165 cycles, and there was a small edge spallation in the MLed GZ/
CYSZ TBCs after 300 cycles. However, there was no visible spallation in the FGed
GZ/CYSZ TBCs even after 300 cycles. The microstructural characterizations of
MLed and FGed GZ/CYSZ TBCs after thermal cycling test revealed that TGO layer
played an active role on the spallation of single-layered GZ. In the case of MLed
GZ/CYSZ TBCs, horizontal cracks propagating inside the ceramic coating layers
were observed. On the other hand, there was no microcrack or spallation in the
FGed GZ/CYSZ TBCs. It was concluded that an improvement in the thermal cycling
performance of the single-layered GZ TBC took place thanks to MLed and FGed
designs. Furthermore, GZ/CYSZ TBCs having FGed design had superior thermal
cycling performance than that of MLed design. As a continuation of the previous
work, in another study [14], these TBCs (MLed and FGed GZ/CYSZ coatings)
were subjected to the thermal shock test. During the test, the TBCs were directly
placed to the furnace at 1250°C and hold for 5 min. Then they were dropped into
the cold water. As seen in Figure 7, single-layered GZ and YSZ (sample codes: GZ1
and YSZ1, respectively) TBCs were subjected to the thermal shock test as reference
samples as well as MLed and FGed TBCs, and the number of cycles to failure for
each coating was written on the images. The failure or spallation took place on the
coating of single-layered GZ1 after only ten cycles. On the other hand, a significant
improvement happened in the thermal shock lifetime of the MLed and FGed TBCs.

This improvement in thermal shock lifetime of TBCs having MLed and FGed
designs was ascribed to the decreasing high thermal mismatch stress generated
due to the sharp differences in the CTE between bonding layer and CYSZ and
GZ phases. As mentioned before CYSZ had higher CTE (13 x 107 K™*) than GZ
(10.4 x 107 K™"). Therefore, large thermal expansion mismatch among ceramic
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layers, metallic bond coat, and substrate was balanced thanks to gradual composi-
tional variation of CYSZ layers having in GZ layers. Furthermore, microstructural
evaluations were carried out on GZ/CYSZ MLed and FGed TBCs exposed to ther-
mal shock test. Microstructures of the GZ-based TBCs after thermal test showed
the evidence of the thermal stress on the ceramic layer. The vertical, horizontal, and
propagating cracks were formed on the ceramic top layers. Propagating cracks are
located around the vertical cracks. The shape of the vertical cracks was looking like
capillary vessels. Other than this, there were penetrating cracks forming in the TGO
layer and penetrating into the bond coat. A similar microstructure regarding the
shape of the cracks of thermally cycled TBCs was reported in other studies [23, 38].
As a result, the improvement in thermal shock life of GZ-based TBCs was directly
reducing the thermal mismatch among the layers thanks to CYSZ. Furthermore,
from the microstructures, it was assumed that energy of thermal fatigue cracks
absorbed at the interface between GZ and CYSZ layers or splats causing improve-
ment in thermal shock life.

In a study [22], double-layered GZ/YSZ TBCs were produced by APS technique
so as to have different porosity values. Then thermal cycling behavior of the TBCs
were tested at 1400°C by using a gas flame (for heating) and air jet (for cooling).
Results showed that thermal cycling lifetime of the single-layered GZ was signifi-
cantly improved thanks to a double-layered design. Moreover, GZ/YSZ TBCs having
the highest porosity level (%32) withstood up to 1627 thermal cycles. Carpio et al.

Figure7.
Macroscopic image showing remaining top coats on the substrate after thermal shock test and number of cycles
to failure.
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produced MLed and FGed GZ/YSZ TBCs by APS technique [23]. The GZ/YSZ TBCs
having two and five layers were exposed to thermal cycling test in the furnace.

The TBCs were heated to 1050°C and then cooled by air. The thermal cycling life

of the MLed GZ/YSZ TBC was about 1000 cycles. On the other hand, FGed GZ/
YSZ TBC had resistance up to about 2300 cycles. This situation was attributed

to the homogenous distribution of thermal stress in the layers of FGed coating.
Mahade et al. subjected the specimens of double- and triple-layered (GZ dense/GZ/
YSZ) TBCs that were produced by SPS technique to the thermal cycling test. The
thermal cycling tests were carried out in the furnace (heating the specimens up to
1100 and 1200°C for 1 hour and cooling to 100°C). Researchers concluded that an
improvement in the thermal cycling lifetime took place thanks to GZ dense/GZ/
YSZ triple-layer approach. This was due to the lower porosity content of triple-layer
approach. Thanks to dense GZ layer, less oxygen has reached to the bond layer. Asa
result, the thickness of TGO had remained below the critical value causing failure
in the coating. In another study by Zhang et al. [6], double-layered Yb,0;-doped GZ
(GYbZ)/YSZ TBCs are produced by EB-PVD technique. They produced two sets of
(GYbZ)/YSZ TBCs. One of them had normal (sharp) interface between GYbZ and
YSZ phases. On the other hand, another set of the TBCs had a uniform interface
with a fluent transition (gradient coating) region (nearly 10 pm). Results of thermal
cycling test, which was carried out by heating the surface of the TBCs up to 1350°C
by a flame and cooling by compressed air, showed that TBC having a gradient
transition region had higher lifetime (1346 cycles) than that of TBC having sharp
interface (942 cycles). This beneficial effect of the gradient transition region was
attributed to the gradually compositional change reducing the thermal mismatch at
the interface between ceramic layers.

Consequently, it is possible to prolong the thermal cycling and thermal shock
lifetime of the GZ by using a second material (such as YSZ and CYSZ) in multilay-
ered and functionally graded designs. The stress generated by thermal mismatch
has been reduced and reaction tendency of the GZ with TGO layer prevented
thanks to multilayered and functionally graded designs.

4. Attack of harmful foreign substances

4.1 CMAS and hot corrosion resistance of gadolinium zirconate-based thermal
barrier coatings

The jet engine fuel especially used in military aircrafts has low quality, and it
contains appreciable levels of impurities such as Na,SO4 + V,0s. They cause severe
damage on the ceramic top layer at high temperatures [14, 26, 39]. On the other
hand, calcium-magnesium-alumino-silicate (CMAS) is known as airborne silicate
particles (sand, ash, dust, etc.). The CMAS entering to the turbine melts on the
hot TBC surfaces and penetrates into the ceramic top coat. This situation leads to
premature failure of the coating [12, 14]. There are a lot of studies in the literature
proving that GZ-based TBCs have excellent CMAS and hot corrosion resistance.

In the studies that were carried out by Habibi et al. [21, 24], YSZ- and GZ-based
TBCs were produced by APS technique. To evaluate hot corrosion behavior of
the TBCs, hot corrosion powders (Na,SO, + V,05) were applied (20 mg/cmz) on the
TBCs, and they were cyclically exposed to the 1050°C. The failure of the YSZ-based
top coat started after 24 hours and spallation occurred. The detailed characteriza-
tions revealed that YVO,-type crystals formed as result of the reactions between
yttria (Y,03) and V,05 or NaVOs. This formation of the YVO, caused the transfor-
mation of ZrO, from tetragonal to monoclinic due to the leaching of the Y,0; from
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the YSZ. On the other hand, failure in the GZ-based coating started after 36 hours.
This situation showed that GZ-based coating had much better hot corrosion resis-
tance than that of YSZ. In the case of GZ-based coating, molten Na,SO,4 + V,05 mix-
ture reacts with the bulk Gd,Zr,0; layer to form GdVO,. However, Na,SO, + V,0s
mixture attacks to the Y,0; that is stabilizer of YSZ. Liu et al. [26] investigating hot
corrosion behavior of sintered GZ in the presence of V,0s explained the reaction
mechanism. According to this, at 700°C molten V,05 started to react with Gd,Zr,0,
to form ZrV,0; and GdVO, (see Eq. (1)). In the case of 750-850°C, the final reac-
tion products of GdVO, and m-ZrO, formed depleting V,0s (see Eq. (2)):

3V, 05 (liquid) + Gd2Z12 07 (solidy = 2Z1V2 07 (solia) + 2GA VO (soia) (1)
V05 (tiquid) + Gd2Z1207 (sotia) = 2GAVO 4 (sotiay + 2 M - ZrOs sotiy ~ (2)

Suspension plasma-sprayed (SPSed) GZ/YSZ TBCs having multilayered designs
were subjected to the hot corrosion test [25]. V,05 and Na,SO, salts were applied
to the specimen surface at a concentration of 4 mg/cm®. The test was conducted at
900°C for 8 hours. Microstructures revealed that GZ-based coatings had lower reac-
tivity with the corrosive salts and the formation of gadolinium vanadate (GdVO,).

Another promising feature of the GZ is its high resistance to CMAS attack. In
contrast to conventional YSZ, GZ is highly effective in resistance to the penetration
of molten Ca-Mg-Al-silicate (CMAS) glass deposit. This higher resistance of the
APSed GZ-based TBC was proven for prolonged durations [40]. The CMAS sand
was applied to the surface of the TBCs at a concentration of 35 mg/cm®. Then TBCs
were heated to 1200°C in air for 24 and 168 hours in a furnace. Results showed
that CMAS melt was fully penetrated inside of the YSZ. The penetration depth of
YSZ-based TBC was approximately 200 pm. However, CMAS melt was arrested on
the surface of GZ-based coating (at a penetration depth 20 pm). This resistance of
the GZ-based TBC was attributed to the formation of a crystalline sealing layer. The
chemical composition of the sealing layer was Ca,Gdg(SiO4)60, (apatite phase), and
it formed as a result of the high-temperature chemical interactions between the GZ
and CMAS melt. Similar results were found for GZ-based TBC that was produced
by EB-PVD technique [20]. The mechanism of the CMAS resistance of GZ-based
TBC was explained via formation of a highly stable apatite phase. This phase sealed
the flow channels of GZ-based SPSed TBC.

In a unique study [14], GZ- and YSZ-based TBCs were produced by APS tech-
nique, and they were exposed to CMAS and hot corrosion (CMAS + hot corrosion)
test. This test was executed in the same experiment at once. Moreover, a defocused
CO, laser beam was used as heat source, and TBCs were simultaneously cooled from
the back surface of the substrate to create a thermal gradient and harsh environ-
ment. Hot corrosion and CMAS powders were applied on the surface of the TBCs
together at a concentration of 30 mg/cm®, and they were heated by a laser beam
to 1250°C and held at that temperature for 1 hour. The rodlike structures formed
on both YSZ- and GZ-based coatings. The chemical composition of the rodlike
structures was in the form of YVO, and GdVO, for YSZ and GZ, respectively. The
micrographs of the YSZ-based TBC clearly demonstrate that CMAS + hot corrosion
products penetrated through microcracks and pores. However, there was a continu-
ous reaction layer formed at the boundary between CMAS and GZ-based TBC. The
thickness of reaction layer was approximately 6 pm. The lamellar microstructural
morphology of APSed TBCs turned into a denser structure seeming to extend crystals
into the CMAS. This situation was consistent with the similar studies that investi-
gated interactions between GZ-based TBCs and different CMAS sands [20, 23, 40].
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Further penetration of the CMAS products into the GZ based was prevented thanks
to this reaction (sealing) layer. The formation and sealing mechanism of the reaction
layer were defined as follows:

1. The GZ grains were wetted by CMAS melt at the high temperatures.
2.Gd unified with the glass locally.
3.The crystallization initiated in the Gd-rich region of the glass.

4.The apatite (Ca,Gdg(Si04)0,) and small amounts of other phases formed
after crystallization in the Gd-rich region of the glass.

5.The apatite phase prevented further penetration of the molten CMAS glass
into the TBC providing a sealing layer between TBC and CMAS.

Gledhill et al. [2] applied the lignite fly ash on the surface of APSed YSZ-
and GZ-based TBCs at 1200°C. They showed that the molten lignite fly ash
completely penetrated (throughout entire thickness) inside the YSZ-based
TBC. Unlike this, the molten lignite fly penetrated only approximately 25%
of the GZ-based TBC thickness thanks to a crystalline reaction layer arresting
molten fly ash on the TBC.

5. Laser surface modification

5.1 Laser surface modification of gadolinium zirconate-based thermal barrier
coatings

Surface modification by using laser beam is a new and good technique for improv-
ing some of the properties of plasma-sprayed TBCs. According to the studies, laser
remelting solidification process has provided a reduction in the surface roughness
and specific surface area. Moreover, besides a columnar cross-sectional structure,
controlled (varied depending on the laser parameters) segmented crack network that
is perpendicular to the surface can be achieved with sealed porosities at the surface
of the coatings. Therefore, hardness, thermal cycle lifetime, resistance to hot corro-
sion, CMAS, and erosion property of TBCs can be further improved by laser surface
modification [1, 7, 11, 13, 18, 41-43]. After laser surface-modified process:

1. Erosion, CMAS, and hot corrosion resistance of the TBC can be enhanced
owing to reduction in the surface roughness and specific surface area as well.

2. Thermal shock resistance of the TBC can be enhanced due to segment cracks
generated on the surface of the TBC.

3.Thermal cycle lifetime of the TBC can be increased thanks to segmented cracks
improving strain accommodation capability.

4.Hardness of the TBC can be increased by changing grain size.
After laser surface modification, a TBC surface should:

1.Have a remelted layer having melting depth of 20-50 pm.
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2.Be nonseparated from the as-sprayed layer.
3. Have a smooth surface (with surface roughness value (R,) lower than 5 pm).
4.Have a distribution of the crack network that is equiaxed.

All of these properties can be obtained only at optimum laser surface modifica-
tion parameters. A study of the laser surface modification was made to determine the
optimum laser surface modification parameters of APSed GZ-based TBC [13]. The
GZ-based TBCs were subjected to the laser surface modification process by using
a continuous CO, laser. Laser parameters were laser power density on the surface,
scanning speed, and laser distance (distance to the surface from the laser torch).
During studies, single laser beam tracks were generated on the specimens, and
they were examined. As seen in Figure 8a, a very successful laser-glazed surface of
GZ-based TBC was obtained having a denser microstructure than as-sprayed layer
with an average thickness of molten layer ~37 pm, and a smooth surface (R,: 2.9 pm)
was accomplished at the optimum laser parameters (laser power density, 70 MW/m?
scanning speed, 150 mm/sn; laser distance, 14 mm). There was no separation from the
as-sprayed layer. Furthermore, the network of cracks were very regular and excellent.
These changes in the microstructure of the GZ-based TBC can be clearly noticed in
Figure 8a when it is compared with Figure 3a belonging to the as-sprayed GZ-based
TBC surface. Figure 8b shows high magnification microstructure of the fracture sur-
face of GZ-based TBC. Individually, glazed layer and as-sprayed structure can be seen
clearly. Characteristic cross-sectional microstructure of APSed TBC having splats,
parallel cracks at splat boundaries, and pores transformed to dense and nonporous
structure at the laser surface-modified layer. During the laser surface modification

Figure 8.

(a) Surface and cross-sectional micrograph of the GZ-based TBC after laser surface modification process,
(b) cross-sectional fracture surface micrograph of the GZ-based TBC after laser surface modification process,
(c) grain size distribution of the laser surface-modified GZ-based TBC, (d) cross-sectional fracture surface
micrograph of the laser surface-modified GZ-based TBC showing columnar grains.
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process, molten liquid GZ is replaced with microholes due to the surface tension force
of liquid material. On the other hand, laser surface modification parameters affected
the grain size and morphology of the GZ-based TBC due to directional solidification.
At the optimum laser surface modification parameters (in terms of melting depth,
cross-sectional damage, surface quality, and crack network regularity), distribution
of the grain size was almost the same, and grains were equiaxed in the GZ-based TBC
(see Figure 8c). Moreover, as seen in Figure 8d, these grains grew as perpendicular

to the surface in the laser surface-modified layer of the GZ-based TBC. The structural
change from the porous and lamellar plasma-sprayed structure to the columnar laser
surface-modified structure could clearly be seen in Figure 8d. This structure was due
to the directional solidification of laser-modified layer because the direction of heat
flow was from the coating to the surface during solidification. This phenomenon was
proved by phase analysis. XRD graphs showed that a preferred orientation on the
direction took place after laser surface modification process of the GZ-based TBC. On
the other hand, hardness value of the remelted regions was affected from the laser
surface modification parameters because the grain size of the modified layer decreased
as the parameters approach the optimum. The hardness value of laser-glazed GZ-based
TBC increased from 10.66 to 12.73 GPa with decreasing grain size. The estimated cool-
ing rate of the remelted layer of GZ-based TBC was about 10°~10*C s ™.

6. Conclusion

In the present chapter, the potential utilization of gadolinium zirconate (GZ)
for thermal barrier coating (TBC) applications had been discussed. The production
methods, design process, thermal and mechanical properties, failure mechanism,
CMAS and hot corrosion resistance, and laser surface modification process of
GZ-based TBCs were evaluated in this chapter.

A variety of coating techniques such as atmospheric plasma spraying (APS),
solution plasma spraying (SPS), and electron beam-physical vapor deposition
(EB-PVD) exist for the production of GZ-based TBCs. The production technique
has a significant influence both on microstructure and properties of the GZ-based
TBCs. APS is an effective technique to achieve characteristic TBC structure. Thermal
conductivity value of the GZ-based TBCs is lower than that of yttria-stabilized
zirconia (YSZ). It is possible to further improve the thermal conductivity and
thermal failure properties of the GZ-based TBCs by using different coating archi-
tectures such as multilayer and functionally graded designs. GZ-based TBCs have a
significant advantage in terms of its CMAS and hot corrosion resistance. After laser
surface modification of GZ-based TBC, a thin, dense, and smooth remelted layer can
be acquired. Furthermore, an equiaxed continuous segmented crack network forms
on the surface of laser surface-modified GZ-based TBC. As a result, it was concluded
that GZ is an important and promising alternative TBC material.

7. Suggestions

In the future works:

1. New strategies should be introduced to further increase the thermal cycling
performance and thermal shock lifetime of the GZ-based TBCs.

2.Mechanical properties of the GZ-based TBCs produced by EB-PVD and
SPS techniques should be investigated.
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3. Changes in the bonding strength, thermal conductivity, thermal cycling
behavior, CMAS, and hot corrosion resistance properties of the GZ-based
TBCs after laser surface modification should be examined.

4.In the experiments used to determine the thermal properties of the GZ-based
TBCs, new scenario and/or more harsh conditions that are close to the actual
operating conditions of the turbine engine should be created.
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The Growth of CdTe Layer on
GaAs Substrate by MBE
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and V. A. Shvets

Abstract

We present the results of growth of CdTe layer on (013) GaAs substrate. The
sequence processes include the preparation of GaAs surface by chemical etching
and annealing in ultra-high vacuum, the growth of ZnTe layer on atomically clean
GaAs surface and then the growth of CdTe layer on ZnTe/GaAs. All processes
were carried out without removing GaAs substrate from MBE set. The processes
were controlled by RHEED and single wavelength ellipsometry. We found that
the evaporation of arsenic oxides and gallium oxides from the (001) GaAs surface
were observed at over 400 and 500°C, respectively. The growth of CdTe on (001)
GaAs leads to appearance of mixture orientations because of large mismatch of
lattice parameters. We study the growth of ZnTe on (001) GaAs and (013)GaAs
substrates to prevent the growth of mixture orientations. We study the influ-
ence of cadmium and tellurium ratio in molecular fluxes and temperature on the
growth mechanism of ZnTe and CdTe, crystal perfection, surface roughness and
defects density. The optimal condition for growth of high quality thick CdTe on
GaAs substrate were found.

Keywords: epitaxy, growth, MBE, ellipsometry, RHEED CdTe, ZnTe, GaAs,
surface defects, roughness, ellipsometric parameters A and ¥

1. Introduction

The wide gap II-VI telluride compounds (CdTe, ZnTe, CdZnTe) are widely used
as materials for different applications such as in solar and high power energetic
detectors. The development of epitaxial technologies allows realizing the growth of
high quality II-VI compound layers on different substrates. This gives the possibil-
ity to create multilayer structures on large in diameter widely used GaAs and Si
substrate. The one of the important application of CdTe (CdZnTe) layers on GaAs
substrate is as alternative substrate for sequence growth of photosensitive mate-
rial mercury cadmium telluride (MCT) solid solutions [1-3]. This material is very
attractive for development and production of thermal imagers that used in civilian
life for medical, agricultural, chemical, metallurgical fuel industries, cosmic, etc.
The MCT structures on large in diameter GaAs substrates are markedly reduce the
cost of the MCT epitaxial photosensitive material and applied to creation large (up
to megapixel size) focal plane arrays.
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Molecular beam epitaxy (MBE) is the most appropriate epitaxial method of
growing MCT layers due to its low growth temperatures (~180°C), which prevents
the diffusion of impurities from the substrate and reduces the background doping
[4]. But the dissociation and re-evaporation of diatomic Te molecules on singular
surface at such growth temperatures is very low [5]. To increase the dissociation
of diatomic Te molecules it is necessary to provide growth on vicinal surfaces. The
development of multi-chamber MBE set allows carrying out the growth of MCT
structures on GaAs with preliminary deposited CdTe layer in one process without
uploading at air atmosphere. At the growth of CdTe on GaAs substrate t is neces-
sary to solve the physical-chemical and technological problems. The physical-
chemical problems are determined by the great differences in mismatch and
nature of chemical bonding of conjugation CdTe and GaAs. In first problem the
relaxation of induced stress lead to equilibrium state with introducing dislocation.
In second ones the appearance of crystalline defects determined by the interaction
of molecular beam Cd and Te2 with atomically clean GaAs surface. Actually the
investigation of the initial stage of the CdTe growth on GaAs surface showed the
formation of different mixture of orientation that seems connected with large
mismatch and different surface superstructures which formed at Te interaction
with GaAs [6]. The nucleation of one orientation reached by growing of ZnTe layer
on GaAs surface with the sequence growth of CdTe layer.

The purpose of the chapter is to present the study of processes for high quality
growth of CdTe on (013)GaAs substrate.

2. The experimental study of growth processes of CdTe layers on
GaAs substrates

2.1 Pre-epitaxial preparation of substrates

The critical stage to obtain reproducible epitaxial growth of films with high
structural perfection is the pre-epitaxial preparation of the substrate surface.
The substrate surface must be atomically clean before epitaxial growth without
any chemical contamination. We studied pre-epitaxial preparation of (001)GaAs
surface substrate. There are two stages: chemical etching and thermal annealing in
ultra-high vacuum (UHV) at heating in the temperature over 500°C in pre-epitaxial
chamber of the MBE set “Katun” type equipped by RHHED and ultra-high velocity
single wavelength ellipsometer [7].

2.1.1 The study of the chemical etching of GaAs substrate

It had been clear that the most stable surface contaminations on GaAs surface
substrate is carbon that cannot be removed by desorption in UHV ~10~° Pa at
temperatures up to 600°C [8, 9]. It had been found that the presence of carbon
contamination over 6% of the monolayer is the reason of disturbed 2D growth
by MBE [8]. To prevent each contamination of GaAs substrate surface it is
necessary to create protective films with the following requirements: have a low
carbon adhesion coefficient; to be thick and uniform enough to encapsulate the
GaAs surface; have high vapor pressure and completely desorbed from substrate
temperatures below the decomposition temperature for GaAs which is equal
over 600°C.

Such requirements are satisfied by creation oxides film formed on the surface of
(001)GaAs during chemical etching which was developed by Cho [10] and used by
other researchers.
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This technique was used for study in-situ the mechanism of removal of the
oxides film by heating of (001) GaAs surface [9]. High-resolution X-ray photoelec-
tron spectroscopy (XPS) reveals that the original oxide film contains oxidized As*
and As*’, Ga,0; and As’ (elementary arsenic). The heating up to 350°C leads to
remove As* oxide. At temperature over 500°C it was observed desorption of As*
oxide and As. The evaporation of Ga** oxides occurs at temperature 570-600°C.

It was found that the level of carbon pollution (less 0.5% of the monolayer)
decreases with the final etching in HCl in a high purity nitrogen atmosphere [9]. In
this case, both arsenic and gallium oxides are removed from the surface and only
a small amount of elemental arsenic remains on the surface. The advantage of this
modification method is the removal oxides at room temperature, prevents violation
of the stoichiometry of the GaAs surface and reduces the possible formation of
defects at high temperatures.

In accordance with the above, we had developed a method of chemical cleaning
of substrates for epitaxial growth of CdTe layers on GaAs substrate by MBE.

The chemical preparation technique of the GaAs surface substrates includes:

* cleaning by freshly prepared organic solvents such as ethanol, boiling toluene;
* etching in mixture H,SO,/H,0,/H,0 (3:1:1);

* rinsing with demonized water flow;

* drying under the IR lamp; and

* finish etching in boiling isopropanol and then in a boiling solution of HCl in
isopropanol.

Further, the samples are placed on the substrate holder and moved to loading
chamber where after pumping created vacuum ~5 x 107° Pa.

2.1.2 The study of the thermal annealing of GaAs substrate

The study of desorption protective film in UHV after chemical cleaning of (001)
GaAs surface substrate was carried out in preparation chamber. The reflection
high energy diffraction (beam voltage 12 keV) and single wavelength ellipsometry
(wavelength A = 632.8 nm) were used for monitoring process in-situ [11, 12]. The
diffraction pattern during substrate heating was consistently photographed in
[011] and [0—11] azimuths. The substrate temperature was controlled by a ther-
mocouple. The vacuum was less than 3 x 107° Pa. After loading the GaAs substrate
to preparation chamber the diffraction patterns in [011] and [0—11] azimuths at
room temperature were observed as weakly elongated strips slightly visible on the
background phone. At temperature increasing up to 250-300°C the diffraction
reflexes brightness were increase on the background phone. In the temperature
interval 300-540°C there is no noticeable change in diffraction reflexes in two
azimuths. Since 540°C, there is observed sharp decreasing of the background phone
with simultaneous elongating strips. Above 570°C the reconstruction of the surface
and formation superstructures 2 x 1 and 3 x 1 was observed.

Figure 1 shows the changing the intensity of 11/10 and I1/12 ratios (curves 1, 3
and 2, 4 for azimuths in [011] and [0—11]) of diffraction patterns in central (I1)
and edge (I2) parts of strip and diffused background (I0) of the (001)GaAs surface
on the temperature. The intensities normalized to the background ones. It should
be noted that in the temperature range of 20-300°C there is a sharp increase in I1,
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Figure 1.
The temperature dependences of RHEED intensity reflexes ratios (001) GaAs surface. Curves 1 and 3 for
agimuth [011], curves 2 and 4 for azimuth [0—10].

which corresponds to the evaporation of volatile arsenic oxides. Then the noticeable
change in the diffraction pattern intensities is not observed at temperature increas-
ing up to 540°C. The sharp increase I1/10 ratio and I1/12 is observed at temperature
above 540°C. At these temperatures gallium oxides are desorbed that lead to smooth
(001)GaAs surface [8]. The exposition at temperature 570-580°C intensity reflexes
decrease and strips pass into spots that associated with roughness and Ga enrich-
ment of the surface.

The ellipsometric parameters A and ¥ were measured in the process of heating
the GaAs substrate up to temperature 580°C and its subsequent cooling to room
temperature. Figure 2 shows the typical changes of A and ¥ for three (001) GaAs
samples. The dependence of W strictly increases at heating GaAs substrate and
decrease at cooling. The dependence of A on the substrate temperature of N-shaped
type curves (section AB) up to 150°C is due to removal of adsorbed arsenic oxides
from the GaAs surface because of weaker chemical bonds compared to gallium
oxides ones. Moreover, the value of the maximum in this area weakly varies from
the conditions of chemical preparation of surface substrate. Further increase in
temperature leads to A saturation in the range 250-280°C and slightly decreasing
at 450°C. This dependence A is well correlated with the following evaporation of
arsenic oxides and temperature changes of the optical constants of GaAs. In the
range of 450-580°C a sharp increase A is due to the removal of gallium oxides [4, 8].
The ellipsometric data correlated with RHEED ones which at 580°C show the strikes
with Kikuchi lines that indicated the absence of any oxide films and the atomically
clean and smooth (001) GaAs surface.

At temperature cooling from 580°C to room temperature A gradually increases
due to the change of the optical constants of GaAs (section BC). The same picture
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Figure 2.
The dependences of the ellipsometric parameters A and ¥ on temperature for three different samples of (001)
GaAs. The arrows show the direction of changing A and ¥ along the curves.

of changing A repeated at thermal cycling. At temperatures above 580°C there was
asharp A decreasing (A3, Figure 2) due to decomposition of GaAs and evaporation
As atoms from the surface leading to roughness surface and Ga droplet formation.
At heating GaAs substrates in As molecular flux parameter A stabilized at tempera-
ture range 170-600°C.

Thus, it was shown that in-situ ellipsometric control can be effectively used for
thermal cleaning in UHV of the surface of GaAs substrate. It should be noted that
the procedure of pre-epitaxial preparation of (013) GaAs does not differ from (001)
GaAs. So the evaporation of oxides from the (013) GaAs surface during thermal
heating in UHV is also not significantly different from (001) GaAs ones. The ellipso-
metric technique of surface control is not sensitive to the surface orientation. So we
observed the same behavior of ellipsometric parameters in the case of heating (013)
GaAs as for (100)GaAs.

2.2 The epitaxial growth of ZnTe and CdTe layers on GaAs substrate

The ZnTe layer 20-300 nm in thickness from elemental Zn and Te molecular
sources preliminary must be grown on atomically clean GaAs substrate surface to
prevent the formation mixture orientation [6]. This procedure helps us to conserve
the original substrate orientation.

2.2.1 The epitaxial growth of Zn'Te on GaAs substrates

The study of the growth process of ZnTe on (013) GaAs substrate for determi-
nation of optimal condition to realized high-quality ZnTe layers were carried out
using ellipsometric technique [11, 13, 14]. ZnTe layer is transparent for using wave-
length A = 632.8 nm (He-Ne laser) of ellipsometer. In this case we observed periodic
changing of ellipsometric parameters A and ¥ with ZnTe thickness associated with
interference oscillations. The period of oscillations is equal to A/ 2(n2—sin(p)1/ 2 where
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n and ¢ is the refractive index of ZnTe and the angle of incidence of the ellipsome-
ter beam on the substrate surface, respectively. The changing A and ¥ in A-¥ plane
has closed bell-shaped curve.

The simulation of the changing of A and ¥ during the growth of ZnTe was car-
ried out for different cases: the growth with roughness surface or/and appearance of
radiation adsorption (k # 0). The first reason is connected with changing of molecular
fluxes Zn and Te2 (Jz,/J1e2) or/and growth temperature. The second reason is con-
nected with changing in crystal perfection or inclusion of gallium or tellurium at high
or low growth temperatures, respectively [15]. Figure 3 shows the simulation results
of changing A and ¥ for above mentioned cases. At the ZnTe growth with developed
roughness surface there is a gradual A decreasing at the constant ¥ (see Figure 3a).
The curves A and ¥ in A-¥ plane are similar one another. In the case of growth of a
weakly absorbing ZnTe layer (k = 0.05) the curves A and ¥ in A-¥ plane are spiral that
convergent more quickly with increasing of absorption in ZnTe layer (see Figure 3b).
At growth of roughness and appearance of absorbed ZnTe layer the curves A and ¥ in
A-Y plane summarized the phenomena observed in figures (see Figure 3c).

These data were used in determination of growth mechanism of ZnTe on GaAs
at different Jz,/J e, ratio and temperature. The growth was carried out at constant
substrate temperature and different Jz,/J 1, ratios. In a series of sequence experi-
ments the Jz,/J . ratio was reduced that allows determining the transition from 2D
to 3D growth mechanism for a given temperature. Similar the experiments were
carried out at different temperatures. Figure 4 shows the results of experiments.
The experimental results are presented by dots. The area of 3D ZnTe growth is
represented by gray color. As a result there is found the optimal growth condition:
the Jzn/J1e2 = 2.75-3 and the growth temperatures 280-300°C.

Figure 5 shows the experimental change of A and ¥ in A-¥ plane at optimal condi-
tion growth of ZnTe on (013) GaAs substrate (rhombs). The solid curve is calculated
data at constant values of optical constants and roughness of growing ZnTe layer. The
arrows show the direction of changing of A and ¥ with increasing ZnTe thickness.
Such behavior of A and ¥ does not change with the growth of thick ZnTe layer. The
diffraction patent shows the extended clear strips.

2.2.2 The epitaxial growth of CdTe on GaAs substrates

At the initial stage of CdTe direct growth on atomically clean (001) GaAs
substrate surface the convergent spiral curve of ellipsometric parameters in A and ¥
in A-W plane was observed for three experiments (see Figure 6).

The starting point O corresponds to A and ¥ of (001) GaAs substrate. The final
point A corresponds to the A and ¥ for the bulk CdTe. The calculation curves A and
¥ was compared with experimental data basis on model of homogeneous crystalline
perfect system CdTe/GaAs. It is apparently clear that the direct growth of CdTe
on (001) GaAs gives poor crystalline perfection. The reason of such behavior is the
formation of mixture orientations (001)CdTe and (111)CdTe [6]. The analogous
data were suggested by the systematic deviation of the measured ellipsometric
parameters from the calculated curve at growth up to 100 nm (noticeable see for
curve 2 with triangular markers in Figure 6). The observed deviation of calculated
A and ¥ at growth from experimental was explained by suppose the difference
of optical constant values of growth CdTe layer from analogous for CdTe bulk or
layers in thicknesses 2-3 pm. The good agreement between experimental results and
calculation was observed at practically constant refractive index n = 3 which is typi-
cal for thick films and higher k which approached to CdTe volume value (see inset
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The vesults of calculations of ellipsometric parameters changing for the growth of the ZnTe film on the GaAs
substrate: (a) the roughness develops from o to 5 nm; (b) the absorption with k = 0.05; (c) the roughness
develops from o to 2.5 nm and the absorption with k = 0.03.
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optimal conditions. The arrows show the start of growth ZnTe and divection of changing parameter with
increasing thickness. The rhombs is experimental data. The solid curve id calculated data.

to Figure 6). This means that the adsorption at the interface CdTe/GaAs is higher
at the beginning of growth and decrease from k = 0.6 up to k = 0.25 at thickness
200 nm characterized for bulk CdTe values. Such behavior of k can be explained by
formation poor crystalline structure formation of CdTe at initial growth stage of
because of great mismatch 13.6% at conjugation of CdTe and GaAs.

So for growing of high quality CdTe layer on GaAs it is necessary to introduce
the additional layer with appropriate mismatch to GaAs and with the same crystal-
line structure as CdTe.

At growth of CdTe on (013)ZnTe/GaAs the changing of A and ¥ in A-¥ plane
represents by convergent spiral curve. For high quality crystalline CdTe layer on
(013)ZnTe/GaAs there is the optimal growth condition which depends on Jc4/

J1e> ratio and temperature. For this purpose we used measurement of A and ¥
during the growth in-situ at changing of Jcq4/J1e; ratio and temperature. The first
requirement for high quality CdTe layer is the 2D growth that determines flatness
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of growing surface and creates minimal defects density. Figure 7 shows the change
of the ellipsometric parameter A for CdTe growth for different Jcq/Jre; ratio and
constant temperature. The growth rate was 2.1 pm/h. Growth temperatures

T = 290°C. In the case of Jca/J1e2 = 3.5 there is no changes in the ellipsometric
parameters A. At large Jca/Jre; = 27 a weak monotonic decrease in the ellipsometric
parameter A is observed. But at low Jc4/Jre; = 1 there is observed sharp decreasing
A practically from the beginning of growth. So it means that it is necessary to have
the excess of Cd over Te in molecular fluxes. The observed decreasing of surface
roughness is can be explained low sticking coefficient of Cd at growth temperature.
This factor can influence on other CdTe characteristic such as: crystalline perfection
and surface morphological defects.

We study in detail the influence of Jc4/Jre; ratio on FWHM, roughness and sur-
face defects density at different growth temperature (Figures 8-10) The structural
perfection of the grown films was characterized by the full width at half maximum
(FWHM) of the rocking curve measured on a double crystal X-ray diffractometer

Figure 6.

Thge ellipsometric parameters change in A-'¥ plane at growth of CdTe on (001) GaAs. Markers show
experimentally measured values for three experiments. The lines show the calculated changing of ellipsometric
parameters. The ved circles correspond to the CdTe layer thickness in nm. In insert the absorption coefficient
changing with thickness used for fit calculation and experimental data sample 1 and 2. O—start of growth.
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Figure 7.

The change of ellipsometric parameter A with the time at the growth of CdTe on (013)ZnTe/GaAs.
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The FWHM dependences on Jca/J 1., ratio at different growth substrate temperatures.
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The surface roughness dependences on Jcu/] 1., ratio at different growth substrate temperatures.

with a germanium monochromator for reflex (004). It is seen in Figure 8 that in
region Jca/Jre; ratio <1 there is a sharp increase FWHM for all growth temperatures.
In RHEED pattern point reflexes are observed that indicated 3D growth. We think
that 3D growth is determined by the presence of adsorption of Te2 on the growing
surface [9]. At increasing Jca/Jre; over 1 FWHM slightly varied up to Jca/J ez = 28,
except the case of growth temperature 260°C. RHEED patterns show 2D growth
mechanism. Thus, FWHM reaches minimum at Jc4/J1e; in range 1.5-7 for all tem-
peratures of the substrate.

The surface roughness of the grown CdTe films was determined by scanning
area 47 x 47 pm” with the help of AFM Solver P-47 H (NT-MDT). Yet at initial stage
of growth CdTe at Joa/Jre; <1.5 the parameter A is dramatically decreased (tens
of degrees at a thickness less than 1 pm). The RHEED reflexes change from the
extended strips to spots. This is due to 3D growth of CdTe because of enrichment
tellurium on the growing surface. The roughness of CdTe surface slightly developed
over all growth condition at Jca/Jre; in range 2.5-28 up to 6 pm in thickness of CdTe
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The surface defects dependences on Jou/J 1., ratio at different growth substrate temperatures.

layer with observed slightly reduction in parameter A. So the height of the surface
roughness at Jcq/J1ez = 2-5 is 2-4 nm and at Jcq/J1e; = 28 increases approximately two
times. The minimum roughness less that 1 nm reveals at Jc4/J1e; = 6.

The experimental data analysis of development roughness of CdTe surface at
growth allows to determine the optimal growth conditions, such as growth tem-
peratures 260-295°C and Jca/J1ex = 1.5-7, for which the surface roughness is 2-3 nm.

The density of surface defects density of CdTe layer was determined by measur-
ing the density of brilliant points on the surface with the help of optical microscope in
reflected light with a built-in CCD camera. The dependences of the density of surface
defects density on Jca/J 1, ratio at different growth temperatures are presented in Figure 10.
There is a sharp increase in surface defects density at Joa/J e, <1.5. The same changing in
surface defects density is observed with increasing Jc4/J e, in the range 5-28. It should
be noted that surface defects density are minimal for grown temperature 295°C at any
Jca/J 2. We found the optimal growth conditions for CdTe layer with a minimal surface
defects density are as the growth temperature 280-315°C at Jca/Jrer = 1.5 + 7.

The analysis of total data represented in Figures 8-10 allows to determine the
optimal growth condition for growth of high-quality CdTe films on (013)ZnTe/
GaAs substrates. The CdTe growth at Jca/J1ez = 5 + 7 and temperatures 285-295°C
gives the following parameters: FWHM 160-190 arcsec, surface roughness 2-4 nm
and the surface defects density 200-300 cm™.

3. Conclusion
The study of preparation of atomically clean GaAs surface by sequence processes
of special chemical etching and thermal annealing has been done and studied by

both RHEED and ellipsometric control in-situ.
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The changing of RHEED patents and parameter A reveals the changing in sur-
face adsorbed contamination and roughness at heating up to 580°C connected with
desorbing of arsenic oxides at low temperatures 400°C and then gallium oxides at
high temperatures over 500°C. The comparison of the temperature dependence of
the diffraction reflexes intensity with in-situ ellipsometric measurements showed
the efficiency of ellipsometric control during thermal cleaning of the surface of
GaAs substrates in ultrahigh vacuum.

The ellipsometric control in-situ was used in the growth of ZnTe on the (013)
GaAs substrate. We found the influence of roughness and absorption on changing
of ellipsometric parameters A and W. This gives us to determine the areas of 2D and
3D ZnTe growth depending on growth temperatures and zinc to tellurium ratios in
molecular fluxes. We found the optimal growth condition for epitaxy of high qual-
ity ZnTe layer on (013) GaAs substrate.

The dependences of FWHM, roughness and surface density defects on growth
temperatures and cadmium to tellurium ratios in molecular fluxes reveals the
growth condition for epitaxy of high quality CdTe layer on (013)ZnTe/GaAs
substrate.

The high quality (013)CdTe/ZnTe/GaAs substrate is can be used as an alterna-
tive substrate and material for solar, high power energetic and IR photonics.
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Chapter 5

High Temperature Oxidation and
Wear Resistant Bi-Layer Coating
for Turbocharger Housing

Hitesh Vasudev, Lalit Thakur and Amit Bansal

Abstract

An upsurge in the demand of higher power generation has been observed in the
last few decades. Consequently, the mechanical components of power generation
are forced to operate in the extreme working conditions for longer duration, which
results in the accelerated wear and corrosion of the material. Conventional material
such as grey cast iron (GCI) is a preferred material of components used for power
generation at high temperature. Grey cast iron exhibits poor wear and corrosion
resistance at high temperature. On the other hand, an advanced material such as
Alloy-718 is capable to withstand the high-temperature wear and oxidation for pro-
longed duration of time. In the current research, high temperature corrosion and
erosive wear performance of grey cast iron (GCI) components has been enhanced
by depositing a bi-layerAlloy-718/NiCrAlY coating by using high velocity oxy-fuel
(HVOF) thermal spray process. Furthermore, the high temperature corrosion and
erosion behaviour of GCI substrate and the deposited coating has been discussed.
The various characterization techniques such as scanning electron microscopy
(SEM) X-ray diffraction, and Vickers micro-hardness testing were conducted for
the GCI substrate and Alloy-718 coating, respectively. The Alloy-718 coting showed
the increased resistance against high-temperature erosion and oxidation, which can
be attributed to its good bonding with the substrate, high hardness and formation
of protective phases at high-temperature.

Keywords: high-temperature, turbocharger, Alloy-718/NiCrAlY, HVOF,
grey cast iron

1. Introduction

The present scenario of the automotive engineering is concerned with the higher
power generation. There is a huge requirement of the materials which can sustain
the high temperature in order to increase the power generation of the systems. These
materials require high thermo-mechanical properties to withstand the hostile con-
ditions like oxidation and erosion at elevated temperatures up to 900°C. The surface
of the components deteriorates rapidly at such aggressive conditions. Grey cast iron
(GCI) is one of the most commonly used materials in the turbocharger housing
and its integral parts such as housing of bearing. The GCI components must work
satisfactorily for prolonged duration of time under such aggressive working condi-
tion [1-4]. However, the GCI alone cannot provide enough oxidation and erosion
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resistance at high temperature. Thus, there is a need to modify the surface proper-
ties of the GCI component which enables it to work under high temperature oxida-
tion and erosion environment. There are number of methods to modify the surface
properties of materials such as by changing the surface chemistry of the materials
with the help of surface modification techniques such as carburizing, nitriding and
cyaniding, etc. The various methods of surface engineering applied for surface
modification are given in Table 1. The methods employing the deposition of a layer
of superior material is commonly employed in surface engineering. This can be

S.no. Surface treatment/coating type Primary property benefits
1 Changing the surface metallurgy
Localized surface hardening Improved wear resistance through the development of a
(flame, induction, laser, and hard martensitic surface
electron-beam hardening)
Laser melting Improved wear resistance through grain refinement and the
formation of fine dispersions of precipitates
Shot peening Improved fatigue strength due to compressive stresses
induced on the exposed surface, also relieves tensile stresses
that contribute to stress-corrosion cracking
2 Changing the surface chemistry
Carburizing Used primarily for steels for increased resistance to wear,
bending fatigue, and rolling-contact fatigue
Nitriding Used primarily for steels for improved wear resistance,
increased fatigue resistance, and improved corrosion
resistance (except stainless steels)
Carbonitriding Used primarily for steels for improved wear resistance
Boronizing (boriding) Improved wear resistance, oxidative wear, and surface
fatigue
Ion implantation Improved friction and wear resistance for a variety of
substrates
Laser alloying Improved wear resistance
3 Adding a surface layer or coating/cladding
Physical vapour deposition Improved wear (e.g. tools and dies) and corrosion resistance,
(PVD) improved optical and electronic properties
Chemical vapour deposition Improved wear (e.g. tools and dies), erosion, and corrosion
(CVD) resistance; also used for epitaxial growth of semiconductors
Thermal spraying Primarily used for improved wear resistance (many coating
systems including Ni-based alloys, ceramics and cermets),
but also used for improved corrosion resistance (aluminum,
zinc, and their alloys) and oxidation resistance (e.g.
MCrAlY), thermal barrier protection (partially stabilized
zirconia), electrically conductive coatings (e.g. copper and
silver), and dimensional restoration
Electroless plating Improved corrosion resistance (nickel-phosphorus) and
wear resistance (nickel-phosphorus and nickel-boron)
Weld overlays Improved wear resistance (hardfacing alloys) and corrosion
resistance (stainless steel or nickel-base overlays) and
dimensional restoration (buildup alloys)
Laser cladding Improved wear and corrosion resistance
Table 1.

Surface engineering options and property enhancement.
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done by number of methods such as weld overlaying, cladding and thermal spray-
ing, etc. Nowadays, the thermal spraying methods are used in various industries due
to their specific advantages such as ease of operation, enhanced surface properties,
less detrimental effects to the substrate and to produce the coatings on any intricate
shaped components [5-7]. This process is utilized in the deposition of almost all
class of engineering materials like polymers, ceramic, metal, and composite [8, 9].

There are various techniques of thermal spraying but the high velocity oxy-fuel
(HVOF) process is gaining popularity due to its specific characteristics such as
corrosion and wear resistant coating, high velocity up to 1000 m/s, lower poros-
ity content and dimensional restoration. This high velocity in this technique
causes feedstock powder to deform plastically on the surface of the substrate [10].
Moreover, this technique has taken up by numerous industries due to its mobil-
ity, economical processing and ease of operation with safety along with excellent
quality of the coating. High velocity oxy-fuel (HVOF) process provides the coatings
with high hardness, very low oxidation, good abrasion resistance, lower porosity
levels and high erosion resistance as compared to the other thermal spray coating
techniques [11]. The characteristics of high velocity makes it enable to deposit coat-
ings with improved bonding with the substrate that results in higher hardness, less
porosity and high density. The various attributes of different thermal spray meth-
ods involves the type of heat source used, which is responsible for the temperature
of the process, the velocity of powder particles and the rate at which powder is
being feed for the deposition purpose. The comparison of various characteristics of
thermal spray coating processes is given in Table 2.

Oxidation is related to the formation of some undesired phases like porous and
non-coherent oxides on the surface of the material, which is responsible for the
failure of the component. The oxidation generally starts from the surface due to
diffusion of oxygen and further propagates to the sub-surface of the material in
an aggressive thermal cycling condition. This problem is observed in turbocharger
housing and bearing housing. These components also suffer from an erosive wear
along with the oxidation. In the erosion of components, the hot air strikes on the
surface of the components in cyclic and repetitive manner, and this air contains
some unwanted dust particles. The intensity of these particles and hostile environ-
ment are two major reasons responsible for the degradation of the surface with
erosion at elevated temperature above 500°C [12]. The oxidation of component is
not only a single problem to solved by using Ni-based coatings, the erosion is also
present due to the erodent particles impacting on materials surface at high veloci-
ties; thus there is a requirement of feasible solution which can help to minimise both
the problems of oxidation and erosion at a same time.

Coating Source of heat Feedstock Feedstock Velocity of Deposition
process material powder powder (m/s) rates (kg/h)
temp (°C)
Flame spray Oxy-acetylene Powder or 3100 40 2-5
wire

Plasma spray Plasma arc Powder 10,000 200-400 3-8
LPPS Plasma arc Powder 11,000 200-400 3-8
Detonation 0,-acetylene-N; + gas Powder 4700 800 0.6
spray detonation

HVOF Oxy-fuel combustion Powder 3000 800 2-4

Table 2.

Attributes for different thermal spray processes.
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Nowadays, the Ni-Cr coatings are used as a most preferred candidate for the
oxidation resistance of components operated at high temperature range up to
650°C. However, these coatings suffered a problem of diffusion of Fe element from
the substrate to the coating, when applied on the ferrous materials against oxidation
at high temperature. The Ni-50Cr coatings were also used to minimize this problem
by using HVOF process [13]. The composite coatings then came into use and were
utilized to provide resistance against erosion and corrosion at high temperature.
The Cr;C,-NiCr, NiAl-40AL0; and Cr;C,/TiC-NiCrMo composite coatings were
deposited on low carbon steel to check its performance against erosion-corrosion at
400°C. The inter-metallic present in NiAl-40A1,0; was responsible for the maxi-
mum resistance to the erosion-corrosion [14].

In the recent time, the superalloy materials are extensively used for high temper-
ature applications. Their versatile use in these applications is due to fact that they
can maintain their high strength, low temperature ductility and excellent thermal
stability. Superalloys are mainly precipitation hardened or solid solution hardened
nickel, iron, and cobalt based heat resistant alloys, which exhibit various properties
such as good mechanical strength, wear resistance and high temperature stability.
These superalloys are further classified into cast, wrought and powder metallurgy
alloys. A general classification of superalloys is shown in Figure 1. More than 50%
of the primary materials used in the hot portions of the gas turbine engines such
as blades, vanes and combustion chamber are superalloys. Typical applications of
superalloys include gas turbines and jet engines [15]. The versatile use of superal-
loys in such applications is due to fact that the thermodynamic efficiency of turbine
engines is increased with increased turbine inlet temperature. These motivated the
designers for increasing the maximum operating temperature using the superalloys.
The Ni-based superalloys are most commonly used in high temperature applica-
tions, followed by the cobalt-based alloys and then the iron-nickel alloys. The
Ni-based alloys are preferred for high temperature applications because of their
excellent oxidation resistance at high temperature. The Ni-based superalloys are
most stable materials at high temperature due to their face-centered cubic (FCC)
crystal structure. FCC crystal structure is required at high temperature because

SUPERALLOY
MNICKEL BASE IROM BASE COBALT BASE
| Inconel (587, 587, 600, 601, 617, | Incoloy (800, 801, 802,807, | Haynes 188
625, 706, 718, X750) 825, 903, 907, 909)
| Nimonic (75, 804, 90, 105, 115, L A-286 —L-605
263, 942, PE.11, PE.15, PK.33)
— Rene (41, 95) — Alloy 901 — MAR-M918
= MP35N
| Udimet (400, 500, 520, 630, — Discaloy i
700, 710, 720) a e
- Pyromet B60 s — stellite 6B
— Astroloy — H-155 L— Elgiloy
— M-252
— W57
— Hastelloy (C-22,G-30, 5,X)
= Waspaloy
= Unitemp AF2-IDAS
— Cabot 214
— Haynes 230

Figure 1.
Classification of superalloys [25].
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of its close packed structure. Consequently, the creep, which is more prominent

at high temperature, is less in FCC crystal structure. Thus, in the current research
work, a nickel based superalloy Alloy-718 was selected as a feedstock powder for
increasing performance of GCI at high temperature application. Alloy-718 is well
known for its thermo-mechanical strength at elevated temperatures [16]. The
NiCrAlY was also deposited before the coating of Alloy-718 as a bond coat material.
The NiCrAlY also provides a rough surface for Alloy-718 top coat and also restricts
the diffusion of elements from substrate to coating and vice-versa [17]. Hence,

a bi-layer of Alloy-718/NiCrAlY was deposited on the GCI substrate by using
thermal coating technique known as high velocity oxy-fuel (HVOF) spray process.
The deposited bi-layer coating was investigated for its performance against high
temperature erosion and oxidation. The oxidation test was conducted for 50 cycles
at 900°C in a tube furnace, whereas the erosion test was conducted by using high
temperature air-jet erosion testing rig at 800°C. The microstructure and mechani-
cal characterization were performed to analyse the properties and performance

of deposited bi-layer coating. The mechanical characterization mainly included
the micro-hardness testing and erosion test, whereas, the microstructural analysis
covers the porosity analysis, inter-splat bonding and morphology of the sprayed
coating.

2. Experimentation
2.1 Materials and coating deposition

In the present work, the grey cast iron (GCI) was selected as a substrate material
due to its extensive use in the manufacturing of turbocharger housing, turbocharger
core and bearing housing in the turbocharger. The Alloy-718 feedstock powder
was used as a coating material and NiCrAlY was selected as a bond coat between
the top coat (Alloy-718) and the GCI substrate material. Therefore, bi-layer coat-
ings consisting of Alloy-718/NiCrAlY were deposited on a grey cast iron substrate
using the HVOF process. The GCI was cast into a flat plate and further machined
into coupons as per the sizes required for characterization and testing purpose.

The chemical composition of the GCI, and feedstock powder was checked by using
optical spectrometer (Make: Metal Vision, Model: 1008i). The chemical composi-
tion of GCI in wt% was found to be 3-3.5 wt% C, 2.7 wt% max Si, 1 wt% max P,

1 wt% max Mn, 0.15 wt% S, balance Fe. The chemical composition of Alloy-718 in
the wt% comprises of Ni—>55.0, Cr—21.0, Fe—19.0, Nb—5.1, Mo—3.2, Al—0.5,
Ti—1.2 and C—0.08. Ni, Cr and Fe are the major elements of Alloy-718 powder,
whereas, Nb, Mo and Al are some other important elements of Alloy-718.

The coating powders (Alloy-718, and NiCrAlY) were purchased from MECPL,
Jodhpur, India, and f the deposition of the bi-layer coatings was also performed at
MECPL, Jodhpuy, India. The bi-layer coating was deposited with the help of a HVOF
system Hipojet-2700 (manufactured by MECPL, Jodhpur, India). The various
coating process parameters of the HVOF process include stand-off distance 235 mm,
oxygen flow rate of 250 SLPM, oxygen pressure of 9 bar, powder feed rate of 40 g/min,
LPG fuel gas flow rate of 39 SLPM and fuel gas pressure of 5 bar.

2.2 Material characterization
The characterization of as-sprayed, oxidized and eroded coatings was carried out

on the surface and the cross-section by using scanning electron microscopy (SEM)
equipped with energy dispersive spectroscopy (Model: Gemini ultra plus, Zeiss).
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The various phases formed in the as-sprayed, oxidized and eroded coating were
revealed by using X-ray diffraction (XRD) analysis with Cu-Ka as source of radia-
tion at 40 kV and 40 mA. The micro-hardness of the bi-layer coating was measured
by using Vickers micro-hardness tester, where the 10 indents were taken across

the cross-section of coated sample at a test load of 200 g with a dwell period of

10 s. Porosity of the coating was measured on the cross-section by using optical
images taken from an optical microscope attached with an image analysis software
(Dewinter Material Plus, Version 4.3).

2.3 Oxidation and erosion testing

The coated and bare GCI specimen were subjected to high-temperature oxida-
tion at 900°C for 50 cycles of thermal cyclic operation. In the oxidation test, 1 cycle
was comprised of 1 h. heating of sample followed by air cooling for 20 min. The
six sided coated samples having dimensions of 25 x 15 x 5 mm® were placed in
an alumina crucible and fed inside the tube furnace for oxidation test. Thermo-
gravimetric analysis was used to measure the weight loss (mg/cm?) of the coating
and substrate during oxidation test.

The erosion test was also performed by using hot-air jet erosion test rig at a high
temperature of 800°C as per the ASTM G76-02 standard. The erosion rate (g/g))
(ratio of wear loss of mass in grams to the erodent mass in grams) was calculated
after measuring the change in the weight of the coating and substrate by using
weighing balance (Model: ML-220, Make: Mettler Toledo). The impingement angles
of 30 and 90° were considered in the present study to compare the erosion rates of
the substrate and coating. The various process parameters of erosion test include
erodent feed rate of 6 g/min, erodent velocity of 60 m/s, and exposure time of
10 min. The aluminum oxide having an average particle size of about 60 pm was
used as the erodent in the present study.

3. Results and discussion
3.1 Microstructural study

The SEM micrograph indicating the spherical morphology of the Alloy-718 pow-
der along with its EDS is shown in Figure 2a and b, respectively. The XRD spec-
trum of the Alloy-718 powder is shown in Figure 2¢c. From SEM micrograph, the
average powder particle size of Alloy-718 powder was observed to be around 45 pm.
The XRD spectrum of Alloy-718 powder indicates that Ni, Cr, and Fe are present
as major elements in the form of a solid solution and EDS spectrum (Figure 2b)
confirms the presence of these elements in the powder.

The SEM/EDS analysis of the NiCrAlY powder is shown in Figure 3a and ¢
respectively. The SEM micrograph of NiCrAlY powder shows the average powder
particle size of 45 pm which is approximately same as that of Alloy-718 powder. The
XRD pattern of NiCrAlY powder is depicted in Figure 3b; it shows the presence
of Ni and Cr as major elements and further EDS confirms the presence of these
elements in the powder. The XRD pattern of NiCrAlY shows the f-phase of NiAl,
Cr, and Ni.

The as-sprayed Alloy-718 coating shows (Figure 4) the presence of some
un-melted, melted, and semi-melted particles. The proper interference between
melted and un-melted splats can be observed. The various powder particles seem to
have flattened and spherical appearance. The powder particles were not completely
melted due to moderate flame temperature of HVOF process as compared to the
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Figure 2.
(a) SEM micrograph of Alloy-718 powdey, (b) EDS corresponding to point 1 and (c) XRD pattern of
Alloy-718 powder.

plasma spray (PS) process. The temperature range in HVOF thermal spray process
is around 2900°C, which is significantly low as compared to the temperature range
in plasma spray process. The melted/semi-melted powder particles were splashed
throughout the surface of coating without the absence of cracks. The EDS spectrum
(Figure 4b) taken on the melted particle corresponding to point 3 confirms the
presence of Ni, Fe, Cr, O, and Al elements. The XRD pattern (Figure 4c) of as-
sprayed coating of Alloy-718 showed the solid solution of Ni-Cr-Fe as a major phase
along with some oxides such as Al,O3, Cr,0;, and NiO. The oxides may be formed
due to oxidation of in-flight powder particles during the deposition of coating [18].
The SEM micrograph and X-ray maps were acquired on the cross-section of
bi-layer coating, as presented in Figure 5. From the SEM micrograph, it is clear that
a NiCrAlY bond coat of about 50-60 pm thickness is introduced between substrate
and top coat (Alloy-718). The coating shows well bonded interfaces with excellent
mechanical anchorage. The splat formation of the deposited coating resulted in good
inter-splat bonding. The X-ray maps show the intense presence of Fe in the substrate,
whereas the bond coat region has a Ni and Cr in high density. The top coat (Alloy-
718) region shows the presence of major elements Ni, Cr and Fe along with O. The
presence of O in the Alloy-718 coatings in the X-ray mapping endorsed the formation
of oxides such as AL,O;, Cr,03, and NiO. The porosity across the cross section was
measured, as described in the Section 2.3 was found to be in a range of 1-1.5%.

3.2 Micro-hardness study
The micro-hardness of the bi-layer coating on the cross-section was measured, as
described in Section 2.2. The micro-hardness of HVOF sprayed coating was found to

be higher than that of the GCI. There is an increase in the micro-hardness values for
the GCI substrate at the interface of bond coat-substrate, which may be attributed to
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Figure 3.
(a) SEM micrograph of NiCrAlY powder, (b) XRD pattern of NiCrAlY powder and (c) EDS corresponding
to point-2.

the grit blasting operation prior to the coating, which produces the strain hardening
effect on the substrate before the deposition of coating process [13]. The hardening
of the coated substrates in the present research work might also have occurred due to
the impacts of high velocity powder particles during the HVOF deposition process.
Similar kind of effect has also been reported by some researchers [11]. The micro-
hardness values of the coatings are measured to be greater than the GCI substrates.
High micro-hardness value is attributed due to the high kinetic energy of feedstock
powder particles which ensures an excellent cohesion of powder particles; it results
in denser coatings and with homogeneous microstructure and absence of unwanted
oxides. Moreover, the effect of solid solution hardening is significant in case of
Alloy-718 and it is intrinsically harder than GCI. The micro-hardness of the HVOF
coating deposited in present work is in good agreement with the earlier research
work [14]. The variation in micro-hardness value across the cross-section of coating
and substrate was measured by taking 10 indents and their average hardness value
was reported. The measured micro-hardness of the GCI substrate was found to be
230 + 12 HV. The average micro-hardness of the bond coat was 350 + 15 HV

and for the Alloy-718 coating, it was 565 + 18 HV. The higher hardness value is also
attributed to the closely packed structure, and good inter-splat bonding due to high
velocity of HVOF process [19].

3.3 Oxidation study

The oxidation behaviour of the coated specimen was investigated, as described
in Section 2.3. In high temperature oxidation study, a change in weight gain
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Figure 4.
(a) Surface morphology of Alloy-718 coating, (b) EDS corresponding to point 3 and (c) XRD pattern of
Alloy-718 coating.

(mg/cm?) of the uncoated and as-sprayed Alloy-718 coating specimens was
recorded for 50 cycles. The GCI substrate and Alloy-718 coating showed the weight
gain of 123.4 and 2.10 mg/cm’, respectively. The weight gain in case of Alloy-718
coated cast iron has reduced to large extent, which shows the oxidation resistance

at high temperature as compared with the bare GCI substrate. The calculations of
parabolic rate constants (Kp) indicate the lesser oxidation rate of the Alloy-718 coat-
ing as compared to GCI substrate, as shown in Table 3. The calculations of the para-
bolic rate constants were obtained by using linear least square algorithm- (= Kpt),
where “x” is the gain in weight/unit of surface area (mg/cmz) , Kp is a parabolic rate
constant and “¢” is the number of thermal oxidation cycles to which specimens were
exposed. The data of bare GCI substrate and Alloy-718 coated specimens confirms
the parabolic oxidation law and the coating showed a superior resistance to oxida-
tion. The value of parabolic rate constants showed the higher resistance of Alloy-718
coating as compared to bare GCI.

The SEM/EDS analysis and XRD of GCI substrate corresponding to 50 cycles of
air oxidation at 900°C is shown in Figure 6. The SEM micrograph shows the oxi-
dized layer of scale of around 280 pm. The EDS corresponding to point 1 shows the
presence of Fe and O elements. The GCI is composed of ferrite matrix with graphite
flakes. These flakes are the preferred sites for oxidation. During oxidation at high-
temperature, the oxygen enters into the subsurface through the interconnected
graphite flakes and form cracks inside the sub-surface. This phenomenon occurred
rapidly after 570°C by means of diffusion according to Fe-O phase diagram [20].
The XRD pattern of oxidized GCI shows the formation of iron oxides such as FeO,
Fe,03, and Fe;0,. These oxides are well known for their non-coherent and porous
nature which results in intense oxidation of GCI at high temperature [20].
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Figure 5.
SEM micrograph and X-vay maps of Alloy-718/NiCrAlY bi-layer coating [30].

Specimens Kp (1073 ng cm™ s"l)
Bare GCI 84.05
IN718 coated cast iron 0.02

Table 3.

Parabolic rate constants for bare and Alloy-718 coated GCI.

The weight gain and parabolic rate constant values of substrate and Alloy-718
coatings after the oxidation test are presented in Table 3. The high weight gained by
the GCI during oxidation test was attributed due to the formation of iron oxides. On
the other hand, the bi-layer Alloy-718/NiCrAlY coating showed a decreased weight
gain and parabolic rate constant.
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Figure 6.
(a) SEM micrograph, (b) EDS spectrum corresponding to location 1, and (c) XRD of GCI subjected to
50 cycles of air oxidation at 900°C.

Bond coat

=
-
.
=
=
=
.
]

Fhemend | Wi |
L i
a LI |
[ T30
LI in

] TIa

Fe

|’ i
Pl Soaw 3319 ciw Carsar 8508

Figure 7.
(a) SEM micrograph along with EDS corresponds to white rectangle area as shown in (b), and (c) X-ray
mapping of oxidized bi-layer Alloy-718/NiCrAlY coating at 900°C corresponds to red rectangle area [30].

The SEM micrograph along with EDS of the oxidized layer and X-ray mapping
of oxidized bi-layer Alloy-718/NiCrAlY coating is shown in Figure 7. The SEM

micrograph indicates the formation of oxide scale with at thickness of about 20 pm.
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The decrease in thickness of the oxidized layer as compared to the thickness of scale
formed in the GCI substrate indicated the high oxidation resistance of the deposited
coating. The dense layer of scale is formed on the surface of the bilayer Alloy-718/
NiCrAlY coating. The presence of the Cr and O can be observed in this layer which
ensures the formation of Cr,O; by selective oxidation. The Cr,0; provides a thermal
stability at high temperature and prevents the substrate from oxidation [21]. The TiO,
was also formed at the interface of the scale and top coating. The oxide scale is rich in
Cr and O confirmed by EDS mapping and further the presence of Cr,0; is endorsed
by XRD pattern of oxidized Alloy-718/NiCrAlY coating, as shown in Figure 8.

The XRD pattern (Figure 8) of oxidized bilayer coatings also shows the presence
of protective phases such as NiCr,0, and Al,O; along with the Cr,0; and TiO,. The
presence of these protective phases is mainly responsible for the increased oxidation
resistance of bilayer Alloy-718/NiCrAlY coating.

3.4 Erosion testing

There are two ways to analyse the wear erosion mechanism for material removal
and these include the analysis of erosion mechanism on the basis of nature of mate-
rial and secondly, on the basis of the impact angles of the erodent striking at the
surface of the material. In first method, the ductile and brittle nature of the material is
considered as material removal mechanism in the erosive wear. The repetitive plastic
deformation causing the strain hardening and cutting are the two possible mecha-
nisms which take place during the erosive wear, which leads to surface degradation. In
case of ductile material, the micro-cutting followed by the separation of material from
its surface is a responsible mechanism of material removal [22]. On contrary to that,
brittle materials fail by fatigue process which is due to repetitive impacts of the erodent
particles striking on the surface of the material. These particles transfers their energy
to the surface in repetitive and continues manner so as to produce repetition and
eventually results in fatigue failure. Therefore, the repetitions of impacts create cracks
on the surface and debonding of the splats revealing the brittle nature of the coating.
The impact angle is also another factor for defining the material removal mechanism
and the erosion mechanism is directly affected by the impact angle of impingement
of the erodent particles [23]. There is variability in the impact angles of the actual
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Figure 8.
XRD pattern of oxidized Alloy-718/NiCrAlY coating at 900°C [30].
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applications like hydrodynamic turbine, boilers, heat exchangers, rocketry compo-
nents and gas turbines at which the working fluid enters in the system and strikes
the surface to cause material degradation at the working surface of the component.
There are different angles from low to high and material removal mechanism varies
according to variation in the impact angles. For low impact angles, cutting of material
and chip formation leads to the material removal process. The ductile mechanism of
erosion is analysed for higher erosion rates at lower angles of 20 and 30°. The angle is at
or close to 90° for erosion failure includes lips formation mainly for the material which
deforms at higher rate and the removal of material takes place in the form of platelets
on repetitive striking of impacted erodent particles. However, the materials with
minimum erosive wear resistance at 90° fall under the category of brittle mode [24].
The high-temperature erosion test was conducted at 800°C for two impact
angles viz. 30 and 90°, respectively. The erosion rates of GCI and Alloy-718/
NiCrAlY coating were measured, which showed the significant increase (around
three times) in erosion resistance by using coating as compared to GCI. The erosion
resistance of coating has improved in both impact angles condition. This increased
erosion resistance is attributed to the solid solution hardening effect in Alloy-718
coating [25]. The presence of Cr,0; and AL, O; on the surface also contributed to the
erosion resistance due to their hardness and thermal stability of these oxides [3, 26].
The SEM micrographs were used to analyse the eroded surface of the GCI and
Alloy-718/NiCrAlY coating, as shown in Figure 9. The SEM micrographs of GCI
showed the cracks on the surface when impacted at 90° and this can attributed to
the repetitive impacts of erodent particles at normal angle. The repetitive impacts
has led to the surface cracking and eventually the material is pulled out from the
surface, as shown in eroded surface of GCI at 90°. Hence, brittle fracture mecha-
nism is responsible for the surface degradation of GCI material during the erosion
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Figure 9.
Surface topology of evoded GCI at (a) at 30° impact angle (b) at 90° impact angle. Surface topology of eroded
Alloy-718/NiCrAlY coating (c)at 30° impact angle (d) and at 90° impact angle [30].
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at 90° impact angle [27]. The GCI showed the micro-cutting marks along with some
craters formed on the surface due to impact of erodent particles at 30°.

In case of Alloy-718/NiCrAlY coating, some cavities were formed and micro-
cutting marks were seen in case of erosion conducted at 30° impact angle. The
topology of coated samples showed the micro-cutting and abrasion marks along
with lip formation in the periphery of craters at 30° impact angle. Hence, the abra-
sion and plastic deformation of coating surface is responsible for erosion of material
in ductile mode at 30° impact angle. The Alloy-718/NiCrAlY coating also showed
the presence of fine cracks, material pullout and some erodent particles embedded
on the surface due to the repetitive impacts at 90° impact angle [28, 29].

4. Summary

The successful deposition of bi-layer Alloy718/NiCrAlY coating on the GCI sub-
strate was carried out using HVOF process. The coatings were further characterized in
terms of their microstructure, micro-hardness, high temperature erosion and oxida-
tion behaviour. The following conclusions have been drawn from the present study:

As-sprayed Alloy718/NiCrAlY coating showed well bonded interfaces due to the
well-defined inter-splat bonding of splats.

The Alloy718/NiCrAlY coating showed the increased micro-hardness as com-
pared to GCI; the high hardness of the Alloy-718 coatings was due to solid solution
hardening provided by various alloying elements and presence of various oxides
such as Cr,0; and AL O; in the coatings.

High temperature oxidation resistance of the bilayer Alloy718/NiCrAlY coating
is attributed to the formation of protective oxides such as NiCr,04, Cr,0; AL O;, and
TiO, in the coating.

The micro-cutting, ploughing, brittle fracture and formation of craters were the
different erosion wear mechanisms.

The brittle and ductile modes of erosion were observed for GCI and Alloy718/
NiCrAlY coating, respectively.
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Chapter 6

Prologue: Thin-Film Synthesis
and Application for Medical and
Biological Use

Ldszlo Fabidn and Ldszlo Nanai

1. Introduction

With the advent of nanotechnology, researchers started almost simultane-
ously the use of nanophysics in medical industry and life sciences. The extreme
and device-specific physicochemical properties and comparable molecular size
scales of ‘nanoproducts’ had initiated a wide range of efforts searching useful
applications and utilizations of the whole objects of macromolecules, systems and
organisms. On the other hand, very rapid development in the field of fabrication
technologies is introduced into the area of manufacturing with tailored proper-
ties. Different thin-film technologies enable the growth of coherent mono- or
multilayer composite films with quite large surface areas. The possible utilizations
and applications of different kind of thin-film structures in life sciences will be
shortly discussed.

Nanotechnology is the study of extremely small structures, having size of
0.1-100 nm. The prefix ‘nano’ is a Greek word which means ‘dwarf’ The word
‘nano’ means very small or miniature size in real life. These materials should show/
represent different properties, e.g. chemical reactivity, magnetic and optoelectroni-
cal effects, conductance, mechanical and plastic properties, etc. As a result of their
small size, the bulk and surface properties are strictly different. But the most
important property for us is their biocompatibility.

2. Historical background

‘There’s Plenty of Room at the Bottom: An Invitation to Enter a New Field of
Physics’ was a lecture given by physicist Richard Feynman at the annual American
Physical Society meeting at Caltech on December 29, 1959. Feynman considered the
possibility of direct manipulation of individual atoms as a more powerful form of
synthetic chemistry. Feynman also suggested that it should be possible, in principle,
to make nanoscale machines that ‘arrange the atoms the way we want’ and do
chemical synthesis by mechanical manipulation. These sentences can be seen as the
birth of the ‘nanoworld’ [1].

Norio Taniguchi has introduced the term of nanotechnology in order to describe
some physical processes running on the scale of nanometres. These phenomena are
related to processing of separation, deformation and consolidation on the basis of
some atoms and molecules [2]. Some important milestones in nanotechnology are
the following:
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* 1981, IBM: development of the scanning tunnelling microscope (STM) [3, 4].

* 1985: invention of Bucky Ball by Kroto [5]. A buckyball is a molecule called
Buckminsterfullerene. Consisted of 60 carbon atoms arranged in the shape of a
hollow ball, buckyballs have, as yet, little practical use, although they do make
up nanotubes, which have some uses.

1986: the first book about nanotechnology [6].

* 1991: lijima discovered carbon nanotubes (CNT) for the first time [7].

1999: first nanomedicine book by Freitas was published [8].

2011: the era of molecular nanotechnology started.

3. Classification of nanomaterials

A plenty of experimental methods are available for the fabrication of nano-
sized structures, but each of them can be put into one of the two main classes.
Nanomaterials and nanostructures can be fabricated by removing some part of a
bulk material to sculpture the desired shape that can be constructed from much
smaller parts. These two main classes are termed as ‘top-down’ and ‘bottom-up’
approaches [9, 10].

3.1 Top-down methods

Top-down manufacturing method deals with mechanical operations, for
example, cutting, moulding and carving. Because of size limitations, we will get
highly specialised nanostructures. Some manufacturing methods involve laser-
based ones like ablation, deposition and milling; some of them use hydrothermal
techniques like liquid- or gas-phase deposition. Electromechanical and electro-
chemical methods are also widely used (electroplating, etching, etc.).

Most top-down nanofabrication methods are for surface patterning. By pattern-
ing local surface regions of a solid substrate with nanoscale features, the substrate
has the ability to recognise specific nanostructures. For instance, when the substrate
is placed in a solution, millions of nanostructures can self-assemble in parallel.
Some patterning methods are developed to write nanoscale features, others are to
replicate.

3.2 Bottom-up approach

Bottom-up methods represent a wide range of component-construction tech-
niques. The building blocks are probably simple molecules held together by their
covalent bonds. The resulted macroscale components are strong enough and stable.
Many different techniques like atomic force microscopy (AFM), liquid- and gas-
phase techniques, consisting sol-gel processes, and inverse micelles are involved.
One of the most important characteristics is the molecular self-assembly.

3.3 Deposition techniques

Thin-film deposition involves processing above the substrate surface (typically
a silicon wafer with a thickness of 300-700 pm), where different materials are
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added to substrates in form of simple or structured layers (thin films or composed
aggregates with discrete spacers later to be removed). Deposition techniques fall
into two categories, depending on whether the process is primarily chemical or
physical.

Chemical deposition means deposition of layers via chemical reactions. The
deposition rate on the substrate is governed by the properties of materials like
pressure, temperature, etc. Based on the precursor phase, deposition processes can
be classified as plating, spin coating, low-pressure deposition, plasma-enhanced
deposition or layer-by-layer (atomic) deposition.

In the process of physical deposition, the material (solid, liquid or vapour)
is physically transferred to the substrate (heated). These processes are thermal
deposition, sputtering, ion plating, etc. The main operating factors are the substrate
structure and temperature. The rate of deposition describes the volume/mass of the
deposited material in unit time.

These layers are deposited and subsequently patterned using photolithographic
(induced by laser or electron beam) techniques and then etched or washed away to
release the final structure. We should also mention the electrophoretic deposition
(EPD) that is a wet electrolytic deposition technology for thin films. EPD employs
the mechanism of electrophoresis. Electric field is applied between two electrodes
and charged particles dispersed or suspended in a liquid medium moving towards
the oppositely charged electrode (electrophoresis), followed by the accumulation of
particles on the deposition electrode in an ordered manner, producing a relatively
compact and homogeneous film.

4. Some advantages and limitation of thin films: Drug delivery

Thin-film drug delivery stands as an alternative method to the traditional pills
and capsules. Thin films and strips of a few centimetres in size might be subjected
to oral or under tongue administrations. As the strip dissolves, the drug enters
the bloodstream (buccally or sublingually). These drug delivery options allow
the bypass of the metabolic pathway; therefore, this medication method is more
bioavailable.

Polymeric thin films can also be beneficial for bedridden and non-cooperative
patients. Thin films are useful in cases where rapid onset of action is required, such
as in motion sickness, sudden episodes of allergic attack or coughing, bronchitis or
asthma.

The use of thin films is sometimes limited due to low drug loading capacity
compared to a less potent drug given at high dose. Thin films are usually very
hygroscopic in nature, and sometimes it is difficult to obtain them in high degree of
accuracy.

The most important polymeric films used in pharmaceutical and medical
applications are hydroxypropyl methylcellulose (HPMC), carboxymethyl cel-
lulose (CMC), hydroxypropyl cellulose (HPC), poly(vinyl pyrrolidone) (PVP),
poly(ethylene oxide) (PEO), pullulan, pectin, chitosan, carrageenan and gelatin.

5. Biocompatibility
Biocompatibility is related to the behaviour of biomaterials in various contexts.
It means that the biomaterial is able to get prompt and exact response from the

host/tissue materials in different and specific situations. The most important com-
mon definitions related to the term of biocompatibility are the following:
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1. The quality of not having toxic or injurious effects on biological systems.

2.The ability of a material to perform with an appropriate host response in a
specific application.

3. The tissue response to the implanted/added material should be recognized as
suitable with control materials.

4.The biomaterial should carry out its prescribed function by medical therapy.
No other eliciting and undesirable effects are allowed. From the part of recipi-
ent, the most desirable tissue response should be realized.

5.In the case of a prosthetic implant, the harmonic tissue reflectance is of first-
order importance. No any deleterious change is allowed.

6. Nanotechnology in life sciences

The major problems like cancer, Parkinson’s disease and Alzheimer’s disease
are subject to nanoparticle utilizations for surgery and therapy. Also some other
diseases like cardiovascular ones, multiple sclerosis and inflammatory or other
infectious diseases are subjects for nanotechnology interference. This field is called
nanomedicine. Different researches are conducted on nanocomposites or doped
nanocomposites for use as interventions involving bones, cartilages, muscles, etc.

Molecules can be absorbed on the surface of single-walled carbon nanotubes.
They could greatly influence the electrical properties or could serve as sensors with
very high sensitivity and selectivity.

Advanced biosensors with novel features can be developed with the help of
carbon nanotubes (CNT). This technology is also being used to develop sensors for
cancer diagnostics. Though CNT is inert, it can be functionalized at the tip with a
probe molecule. Their study uses atomic force microscopy (AFM) as an experimen-
tal platform.

Some of the researches in biomedicine have shown that carbon nanotubes can
also be used for drug delivery. Magnetic nanoparticles are used to isolate and group
stem cells. They also can be used in digital imaging methods of cells. Because of
their very small size, nanoparticles represent a good candidate to be used in oncol-
ogy imaging studies. Due to the quantum confinement properties, they can be used
in imaging of tumour sites. Compared to organic dyes, nanoparticles have higher
brightness and more efficient fluorescence efficiency leading to higher contrast in
image reconstructions. Due to their high surface-area-to-volume ratio, it is possible
to bind them to tumour cells. Because of their small size, they can accumulate on
tumour sites with high probability.

6.1 Cancer research

Due to the small size of nanoparticles, they can be of great use in oncology,
particularly in imaging. Nanoparticles, such as quantum dots with quantum con-
finement properties, such as size-tunable light emission, can be used in conjunction
with magnetic resonance imaging, to produce exceptional images of tumour sites.
As compared to organic dyes, nanoparticles are much brighter and need only one
light source for excitation. Thus, the fluorescent quantum dots could produce a
higher contrast image at a lower cost than organic dyes used as contrast media. But
quantum dots are usually made of quite toxic elements.
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Nanoparticles have a special property of high surface-area-to-volume ratio,
which allows various functional groups to get attached to a nanoparticle and thus
bind to certain tumour cells. Furthermore, the 10-100 nm size of nanoparticles
allows them to preferentially accumulate at tumour sites as tumours lack an effec-
tive lymphatic drainage system. Multifunctional nanoparticles can be manufac-
tured that would detect, image and then treat a tumour in future cancer. Nanowires
are used to prepare sensor chips, which can detect proteins and other biomarkers
left behind by cancer cells and detect and make diagnosis of cancer possible in the
early stages from a single drop of a patient’s blood.

The possible applications of various nanosystems in cancer therapy [12]:

* Carbon nanotubes, with 0.5-3 nm in diameter and length of 20-1000 nm,
are used for detection of DNA mutation and for detection of disease protein

biomarker.

* Dendrimers, less than 10 nm in size, are useful for controlled release in drug
delivery and as image contrast agents.

* Nanocrystals, with a size of 2-10 nm, could serve as breast cancer markers.

* Nanoparticles are of 10~-1000 nm in size and can be used in MRI and as con-
trast agents in ultrasound image formation.

* Nanoshells find application in tumour-specific imaging and deep tissue
thermal ablation.

* Nanowires are useful for disease protein biomarker detection.
* Quantum dots with size of 2-10 nm can help in optical visualisation of genes
tumour and lymph nodes.

7. Specific materials
7.1 Polymers

Despite the classical clinical biomaterials/implants such as pacemaker, catheter,
modern implants and prostheses consist of several materials therefore the biocom-
patibility means multicomponent guest materials in host (tissue) environment. The
plastic materials—nowadays—are undergoing rapid development. Especially due
to the high compact of plastic industry, the materials are more aesthetic, safe and of
better quality.

Among plastics, the most commonly used biocompatible materials are:

* Polyvinyl chloride (PVC)

* Polytetrafluoroethylene (PTFE, Teflon)

* Polypropylene (PP)

* Polyurethane (PU)

* Polymethyl metacrylate (PMAA)
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* Polycarbonate (PC)
* Polyether ether ketone (PEEK)
¢ Ultrahigh molecular weight polyethylene (UHMWPE)
* Polydimethyl-siloxane (PDMS)
7.2 Diamond

One such substrate material that has recently been gaining in popularity is
thin-film diamond. In early reports, very low toxicity was observed when diamond
particles were injected as a suspension into live animals. Subsequently, it was
established that diamond films as a cell culture substrate can successfully support a
wide range of adherent cells. One of the most important properties of the diamond
film is that it is bioinert, no coagulation and no inflammatory reactions [11]. One of
its further advantages is the controllable electrical conductivity and the possibility
of surface patterning.

7.3 Graphene oxide (GO)

Graphene oxide (GO) is a unique material that can be viewed as a single mono-
molecular layer of graphite with various oxygen containing functionalities such as
epoxide, carbonyl, carboxyl and hydroxyl groups. The reduced GO forms (rGO)
which contains residual oxygens, some structural defects and other heteroatoms
make it more functionally. Nevertheless, since rGO can be made as a thin film from
an aqueous dispersion of GO in water and has moderate conductivity, it is attractive
for use in electronic devices. In addition to being components in electronic devices,
GO and rGO have been used in nanocomposite materials, polymer composite
materials, energy storage devices, biomedical applications and catalysis and as a
surfactant [12].

One use of GO in the biomedical field is as a component in drug delivery.
Functionalized nanographene oxide (nGO) has been used in several studies on tar-
geted delivery of anticancer drugs. Polyethylene glycol (PEG)-functionalized nGO
with a champotecin derivative (nGO-PEG-SN38), adsorbed onto the surface, was
used as a water- and serum-soluble source of the drug. nGO-PEG-SN38 was shown
to be three orders of magnitude more effective than irinotecan (CPT-11), an FDA-
approved SN38 prodrug, at reducing the cell viability of human colon cancer cell
lines HTC-116 [13]. GO has also been used as a fluorescence quenching material in
biosensors which utilise the fluorescence resonance energy transfer (FRET) effect.

8. Conclusions
Nanostructures in their different forms, thin films, matrices, etc., have a wide
range of possible utilizations due to their small—comparable to molecules—sizes,

their physicochemical activity, etc. Applications/manufacturing methods are
presented in this chapter focusing on making interest in life and medical sciences.
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Chapter 7

Numerical Simulation of the Spin
Coating of the Interior of Metal
Beverage Cans

David E. Weidner

Abstract

Using scaling arguments and perturbation theory, we derive the lubrication
form of the fluid mechanical equations governing the motion of a thin liquid film on
an arbitrarily curved, rotating, axisymmetric substrate. The resulting equations are
discretized and then solved numerically using an efficient implicit finite difference
algorithm. The primary application for this work is to model the spin coating of the
interior of two-piece metal beverage cans, and we consider this problem in some
depth. Specifically, we show how adjusting several parameters can eliminate one
possible defect in the spin coating process: the tendency for droplets to detach from
the substrate when the can is spun at high rotation rates.

Keywords: thin liquid films, spin coating, spray coating, numerical modeling

1. Introduction

When a liquid is applied to a spinning substrate, or if a pre-wetted substrate is
spun, centrifugal forces act to drive any irregularities in the film thickness outward,
away from the axis of rotation. The result is that the film becomes thinner and more
uniform as the rotation proceeds. Consequently spin coating is used in such appli-
cations as coating magnetic storage discs, optical devices, and semiconductor wafers
to obtain very thin but uniform films on flat substrates.

When the substrate is curved, centrifugal forces will act to produce a uniform
layer only in horizontal regions where the substrate is perpendicular to the axis of
rotation. But the coating layer may be very irregular in regions where the substrate
is highly curved and the normal vector from the surface is not parallel to the axis of
rotation.

In this work we will derive the lubrication form of the fluid mechanical equa-
tions for a thin liquid film sprayed on an arbitrarily curved, rotating, axisymmetric
substrate. Our goal is to predict how the coating thickness changes with time as a
function of the substrate geometry, the rotation rate, the rheological properties of
the coating liquid, and the geometry and flux of the spray gun. We then discretize
the equations and solve the partial differential equations governing the flow. Using
an implicit method of solving the finite difference representation of the partial
differential equations, we require a minimum of computer resources.

The theory we develop in this work is used to analyze one specific application:
the spray/spin coating of the interior of aluminum beverage containers. When a
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spinning can is spray painted, centrifugal forces help to cause a more uniform
coating layer on the can substrate. Indeed this is the purpose of rotating the can a
high spin rates while spray coating the interior. But centrifugal forces can also cause
such coating irregularities as drop formation. In this work we will demonstrate how
such parameters as the spray gun placement and the rotation rate contribute to how
long the beverage can may remain in the spin phase of its coating process before this
potential defect occurs.

2. Derivation of the evolution equation

Consider an arbitrarily curved, axisymmetric substrate with the parameter s
representing arc length along the substrate. The parameter ¢ represents the cir-
cumferential angle and # is the distance normal to the substrate (see Figure 1). u is
the velocity parallel to the substrate, in the s direction; v is the velocity normal to the
substrate, in the # direction; and w the velocity in the circumferential direction ¢. »
is the rotation rate around the 2 axis. Note that while the substrate is axisymmetric,
the coating need not be. 7 is the distance from the can centerline to a given point
(5, ¢) on the can substrate. For this geometry, the metric coefficients are listed in
Table 1. The Appendix of a text book on fluid mechanics by Kee et al. [1] lists the
momentum and continuity equations governing the motion of Newtonian fluids on
orthogonal, curved substrates. From here we find that for our geometry the conti-
nuity equation is given by Figure 1.

=0. (1)

Wl {I]

S -)

Figure 1.

Curvilinear coordinate system. ¢ is the circumferential angle, e() is the unit vector pavrallel to the substrate, e®
the unit vector perpendicular to the substrate, and t(s) is the distance from the centerline to a given point on the
substrate. 0 is the angle of the substrate with respect to the horizontal, w is the votation rate, and g is the
acceleration of gravity.

Metric coefficient Coordinate Velocity

a1 = 1 X1 =5 u

a; =1 Xy =mn v

a3 =r x3=1¢ w
Table 1.

Coordinates and their metric coefficients.

90



Numerical Simulation of the Spin Coating of the Interior of Metal Beverage Cans
DOI: http://dx.doi.org/10.5772 /intechopen.90 381

If 6 is the angle the substrate makes with the horizontal, and the gravity vector
points in the negative z direction, and then if the can is set upright during the
coating process, pg sin @ is the force parallel to the substrate, and pg cos 8 is the force
perpendicular to the substrate. The centrifugal force points in the r direction due to
a rotation about the z axis; consequently pwr sin 6 is the centrifugal force on the
coating perpendicular to the substrate and pwr cos 6 the force parallel to the sub-
strate. When the coating layer is sufficiently thin and the Reynolds number is
sufficiently small that we can neglect the inertial terms, the momentum equations
governing the motion of the liquid coating reduce to

% = —pgsind + pw’rcosf + u[2u5s + Vs + U] +% [ZVSuS + wwﬂ +£ [wd,d, —wy — 2, (w¢ + u)},
210 + 2y + 2w, — Vg /T
%:pgcosﬁ—kpwzrsinﬁ—i—u{[vﬁ+um+2rv,m+w,l¢} + [ = - - v/ }},
r
1 Ugs + Wy + Wy + 2w 40 + 2uyr?
;%:ﬂ{[wss+v¢fﬂ +w:7'5}+[ g : nnr 9o ¢:]}-

Here p is the pressure, p is the density of the liquid, and  is the viscosity of the
liquid. Meyers et al. [2] found that the Coriolis forces were of the same magnitude
as the inertial forces. Because we have neglected the inertial forces on the grounds
that the Reynolds number is small, we shall also neglect Coriolis forces in our
analysis. We assume that the coating layer obeys the no-slip boundary condition at
the surface of the substrate, n = 0

u(s,n=20,¢) =v(s,n=0,¢) =w(s,n=0,¢) =0. 2)

If F, a function of s, n, ¢, and time ¢, is always zero at the free surface, then it
must be given by the coating thickness %z minus the value of the coordinate #

F(s,n,¢,t) =h(s,,t) —n = 0. 3)

We define e as the unit vector in the direction parallel to the substrate s, ¢ as

the unit vector in the direction perpendicular to the substrate 7, and e(*) as the unit
vector in the circumferential direction ¢. From Eq. (3) we find that the unit vector

perpendicular to the coating surface, denoted by f, is defined by
VF B hse(s) — e(n) + (hd)/y)e(‘i’)
VEL e + 14 (htr)?

f=

At the free surface, the substantial derivative of F must be zero. Consequently
the kinematic condition on the free surface is given by

DF hy
E—O—ht—uhs—i—v—i—w(?).

Employing the substitution

£ \/<h;>2+1+ (’“—d’)

the mean curvature of the free surface for this geometry is given by
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. 1 v +rhy  Whyg Ry hihw 1
=-V.-f+ = _ + £ -4 4+ — 4
K=oV R rL (L)> L p4L)> R ®

at n = h. Here R®™Y) is the radius of curvature of the substrate. Adding the

curvature of the free surface relative to the substrate with the curvature of the
substrate, given by 1/R®"™), to obtain the total curvature of the free surface has been
shown to be valid by Schwartz and Weidner [3] as long as s, <1 and hx < 1.

If the atmospheric pressure is zero, then the tensor equation relating the change

in pressure across the free surface due to surface tension is given by

[+ poy]f; = —of. (5)

Here o is the surface tension of the liquid, and z;; is the stress tensor in the
liquid at the free surface. For our geometry, the components of the stress tensor
are given by

2u
Tgs = 2/41,{5, Tun = 2/11)7,, Tpp = 7 [I/U¢ + M?’S],
Yy
Ton = Tng = PUs + Un]s  Tup = Tgn = /‘[wn + 7} >

Ugp wry
= v = w3 =)

If we sum the three equations found in Eq. (5) overj =s,#n, ¢ foreachi =s,i =n,
and i = ¢, we have the following three equations:

—okh; th5 + Toshs + Ton + Ts¢ }%a (6)
h
—0oK=p+ Tnshs + Tyn + Tng 7¢ > (7)
h h h
—0K7¢:p7¢+f¢shy+‘r,/m +T¢¢7¢, (8)

all evaluated at the free surface n = k. Because we have assumed that the
pressure in the air is zero, the pressure in the liquid is positive if « is negative. If we
eliminate the pressure p and the curvature of the free surface « from the three
Egs. (6)-(8), we find the following equations are valid at the free surface n = h:

hsh h
¢+nwf:Q (9)

Ten (1 — hf) + (Tss — Tan)s — Ty "

hyl? h h hih
Tngp (1 — [Tﬂ ) + 749 7¢ + Typhs — Tosh 7¢ — Tps V¢ =0. (10)

We now scale the dependent and independent variables with various character-
istic lengths of the substrate geometry. These include /¢, a characteristic coating
thickness, R, the maximum radius of the substrate, %, a characteristic velocity, and
a a small parameter representing the ratio of a typical length perpendicular to the
substrate to a typical length parallel to the substrate. Denoting dimensionless
variables by bars, we have
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p aR.¢ _ o _ on _ o w _u _ v
= §=— n =— w=— U—=— D= —
ho ’ ho’ ho, uo, uo’ (Xuo’
_ _ auot _ _ phy = Q
F=—, =" K =Rk == ="
Rc’ ho 5 K, P uo,u’ Q uOhO

If Q is the flux, with units of length cubed over time, then the flux in the s and ¢
directions are defined by

QY = Eﬁdﬁ, g - Ewdﬁ.

We can eliminate the pressure from the s, 7, and ¢ momentum equations using
identities for partial differentiation of functions:

p:)- — (P-)- = 0 = pthym + au _wﬁ—zﬁﬂg—&-w_ﬁ
s/n nls

7 7 r
(11)
. . 2 B
+a { P S Us 00: + pw*7;sin 6 + P CosTs 605} +0 (az) >
R, R,
(?E)ﬁ — (P5)5 = 0 = pism? + o(a?). (12)
The scaled form of the continuity equation is given by
0 0 d
—(ru — (7m0 o w = . 1
5 )+ 5 ) + (@) = 0 (13)

At the substrate, 7 = 0, we have the scaled representation of the no-slip bound-
ary conditions:

u(5,m=0,¢,t) = av(s,n = 0,¢,t) =w(5,n = 0,¢,f) = 0. (14)
The scaled form of the kinematic condition is shown to be
E;:u_;—iwg, (15)

at7 = h. The boundary conditions, Eq. (9) and Eq. (10), are given by

4z +0(a?) =0,  wz+0(a®) =0, (16)

atn = h.

Instead of transforming the equations representing the pressure discontinuity
across the liquid interface, given by Eq. (9) and Eq. (10), we will eliminate the
pressure term in Egs. (9) and (10) using the momentum equations and the identi-
ties for the partial differentiation of implicit functions. Eq. (7) gives the pressure in

the liquid at the free surface p (5,7 = h, ¢, ). The momentum equations give us p.,
P, and ?E in the liquid. The directional derivatives of p, along with 7 = E(E, E, f) ,in

the 5 and ¢ directions, respectively, are
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_ 7 0 _, _ -
[pf—'_l)ﬁhg”ﬁ:z:% p(’n:h9¢’t)’

Plugging the pressure at the interface, found by Eq. (7), into the momentum
equations yields

A _ _
Wik, = Asin@ —T'(7cosO) + a {HEE + Asin Oh; + I'7 cos Oh;

WaE Wy 20—

+0£//l[ — +T¢_Th§:| +0(c?), (17)

7 r 7
Af—) _ _ 0-
P |-, = @ [ﬁT(/ + Acos Hha + I'7sin 9h¢] + au% + O(az), (18)
where
R2 2p3
ao R _peRe o ea g ko
ko ko Huo R

Here the « terms have been assumed to be of order O(1), while Eq. (4) would
indicate that they are O(a?). In order to bring the surface tension terms into the
O(a) problem, we are in effect assuming that A is O(1/a?). Others, including
Benney [4] and Atherton and Homsy [5], have used a similar “specific promotion”
for similar thin film problems.

We now expand the scaled velocities in a regular perturbation series expansion
in powers of the small parameter a:

We then use boundary conditions to determine the appropriate constants of
integration and solve for #?, ¥, and w(®) and 7V, 3V, and w™. The O(1)
velocities are given by

—=2
ul? (5,7, ) = Ao [n? B hﬁ} ,  w%=0, (19)

where Ag = Asin@ — I'7 cos . We now determine the order a velocities

" % (7w RWat Eﬂ B, [ﬁz }

— 2
_ it
(1) _ s in” nam oAnt An noa

“ = Dy 7 |+ Co

W — 7] . (20)

-
oV =D, {? - hﬁ} , (21)
with the constants By, Co, and Dy given by
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A _ _
By = [ﬁ K; + AcosOh; + I'7sin th] ,

Co = [—Asin06; + I'75 sin 0 + I'7 cos 665,

AR h~ h-
Dy = (/’—&—/lcosﬁ—d’—i—f‘?sim?—(/’].
H 7 7

7

Using the appropriate boundary conditions, the order a velocity in the normal
direction # may be determined by integrating the continuity equation. But if we
limit our consideration to the order a problem, we can write the evolution equation
in divergence form, negating the necessity of determining 7V). Integrating Eq. (13)
between the boundaries 7z = 0 and % = k, and employing Leibniz’s rule, we have the
kinematic condition

-1 @
A

The evolution equation, to order a, is then determined to be

10 A i’
EE:}H(AsineJchosﬁ)a<+ﬁfg+lcosﬁﬁgWsinﬁﬁ;)}ff?
7 05
A 7k
+a(—Asin 06; + I'7; sin @ + I'7 cos 99;)17§ + a(—Asin@ + 7 cos ) ;S?]
=3
10 AK hz\ h
———|a ——Td'—/lcose ¢ I¥sing-2 |-
7 dgp H7 3

The dimensional evolution equation is found to be given by

10 . - "
hy = _/;5 [(—pg sin 6 + pw’r cos @ — ok, — pg cos Oh, — pw*r sin 9h5)1f< 3>]
10 (—pg sin 66, + or, sin 6 + pew’r cos 0, )r h—4
ur os rg s oms ’ ! 8

VS . 2 hS
—|—; (—pg51n6—|—pw VCOSG) 3

1 0 K‘¢ h¢ 2 . h¢ ]’L3
ey [( GV pgcosHV P VSIIIQV 3|

(22)

3. Nondimensionalization
We shall employ the maximum radius of the substrate as our length scale,

7max = Rc, and scale time with the quantity t* = 3uR./o. We include the following
substitutions:
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~ h 4 s 5 .t
h=—, 7T=—, §=—, K=kR, =¢, t=—.
R, R, R, o =9 t*
Substituting these scale factors in the dimensional evolution equation, Eq. (22),
leads to the nondimensional evolution equation

. 107 ; b i
P= o (_,12 sin @ + I'y7 cos @ — k; — A, cos Oh; — I'p7 sin 9h§>f"h3:|
10, . - . NED
— == | (+42sin 00; — Iz sin @ + T',7 cos 06; )7 | —
705 8
10 : s (25 )
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7os | r
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in nondimensional units. Here 1, and I'; are given by

_PgR:
o ’ 2 o

3
b _po’RE

The geometry of the substrate is delineated by a schematic drawing which gives
us the radius of each circular arc, R;, the subtended angle ¢; of each element, and
the length of each straight segment (see Figure 2). Consequently there is a discon-
tinuity in the curvature between adjacent elements, but the slope is always contin-
uous. In order to use the lubrication approximations, the coating thickness must

Ri-1

F(S)

Figure 2.
Substrate made up of straight segments and circular arcs of radius R and subtended angle ¢;.
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always be much smaller than a typical substrate length, Rip; or /;. Atz = 0 we
assume that there is already a very thin paint layer on the substrate and always use a

sufficiently small time step such that (s, ?) is never zero. Consequently we do not
have to introduce the effects of a contact angle in our analysis. We not only assume
that there is no ¢ variation in the substrate but that the coating is also axisymmetric.
Consequently we only have to solve for the coating height as a function of s and .

4. Application of coating layer

We assume that the coating layer is laid down over time by a spray gun that
emits a fan of gas that is directed toward the can substrate. Thus the accumulation

of coating with time due to this fan is a function of s and #: 0h™" (s, ¢) /ot. The spray
sector is bounded by the angles Ap and Ay as shown in Figure 3. We assume that
the subtended angle Ay is significantly smaller than the angle Ag so that if the spray
fan geometry is an ellipse, it will have an eccentricity near 1.0.

If Q{21 is the total flux from the fan, and ¢ the flux in an elemental area of the

fan, then

P2 ¥

= J Jq(co, w)dgdy.

1 Y1

If the flux does not vary significantly in the y direction, then the flux is constant
in the elemental shaded sector in Figure 3. Consequently the flux per unit distance
across the thin dimension of the fan is given by q(¢)/(ev), where € = Ay. When the
width of the spray fan in the y direction is less than one-half the circumference
2zr(s) wetted by an element of the fan (see Figure 4), the average flux deposited
per revolution is given by

(q/ev)(ev/(2nr(s))) = q/(2mr(s)). (24)

When expressed as a function of ontn /ot, Eq. (24) becomes

Figure 3.
Assumed spray pattern.
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Figure 4.
Beverage can and spray pattern geometry. Here v is the distance from the orifice of the spray gun to a given point
on the can substrate.

fan

ot

qde = ds2zar(s).

From Figure 4 we have the relation
siny = vde/ds,
For a sufficiently thin fan, where the point on the substrate is sufficiently far
from the centerline » = 0, the circumferential-average rate of increase of height is

given by

oh fan
ot

= q(p)siny/(2zr(s)v). (25)
When we are near the centerline, this formula must be modified to

ahfan
ot

= [1/v(s)]lg(s)/ (ev(s))] siny(s) - Min((ev(s) /277(s), 1/2], (26)

to account for the fact that here the substrate is constantly being reached by the
spray fan.

We also assume that there is a secondary “gas” which is uniform in the interior
of the can and results in a constant ohg,s/0t. If 0 <{ <100 represents the percentage
of secondary gas, then ohg,s/0t from this source is given by

fan
0]’1;15 _ i Qtot
ot 100 Ator
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where A is the total area of the interior of the can. We also must include the
effects of geometric shading. For example, the dome blocks some flux from the
spray gun from reaching the inner wall of the moat.

5. Pendant drop of maximum volume

In an effort to determine the maximum value a droplet can form without
detaching from the substrate, we will consider an axisymmetric droplet forming on
the underside of a ceiling, as illustrated in Figure 5. Here z is the distance perpen-
dicular to the substrate, x is the distance from the centerline of the drop parallel to
the substrate, and / is the distance from the substrate to the free surface of the drop.
g is the acceleration of gravity, and the contact angle with the substrate z = 0 is
given by 6,. The pressure jump across the free surface due to surface tension is given
by ox. At equilibrium this must equal the hydrostatic pressure due to gravity, or

oK — pgz = constant.

If we nondimensionalize the problem by scaling 2, x, and % with the capillary
length, I, = \/o6/(pg), then the drop shape is defined by the following differential

equation:

Koz 1

(1 +x§)3/2 _x(l +x2)

1/2+Z:K0. 27)

Here kg is the mean curvature atx = 0 and z = A.

Using a standard Runge-Kutta method, we can numerically integrate Eq. (27)
assuming 6, = 0. We find that the maximum volume is given by Vi, ~19.0/> and
the maximum height is given by hnax~2.2.. For a curved, rotating substrate, the
body force g is replaced by a centrifugal force that is a function the rotation rate ,

x=0

A

-

i

-

Figure 5.
Profile view of axisymmetric pendant drop.
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radius from the axis of rotation r(s), and the inclination angle of the substrate 6(s).

For this case I, is modified to
lc = ha— ‘6 2 .
(pr sin fw )

If h(s,t) is greater than 2.2., we assume that the drop has detached from the
substrate and name this time as #;..

6. Applications

Approximately 400 billion two-piece, all-aluminum cans are produced annually
for the purpose of storing beverages for distribution worldwide. The interior of each
of these cans must be coated to protect the aluminum from onslaught due to
corrosive elements in the contained beverage, and the beverage must be protected
from picking up metal ions or other off-flavors from the aluminum substrate.
Consequently the coating must be as uniform as possible for thick regions may
slough off and thin regions may not offer adequate protection. To achieve a uniform
film thickness, spin coating is employed using a spray fan to distribute the coating
on the can substrate. But because the can is highly curved due to structural consid-
erations, achieving a uniform final film thickness is much more complicated than
for a flat substrate. In this section we will apply the analytical and numerical model
we developed in previous sections to determine how the many parameters are
influencing the flow of the paint coating. These parameters include the rotation
rate, the shape of the can, the coating fluids physiochemical properties, and the
geometry and flux of the spray fan, all affecting the final film thickness distribution.

The can body is initially punched from sheet aluminum and then goes through a
washing process to produce a substrate suited for the spray coating. The can is then
spun at between 2500 and 3500 rotations per minute, and one or two spray guns
spray the interior with the liquid paint film. Centrifugal and gravitational forces
redistribute this liquid layer as the can continues to spin after the initial spray
process. The can is then placed in an oven where the solvent is allowed to evaporate
leaving only the hardened resin. Then the can is filled with the beverage and the top
of the can is attached in place. This conveyer process can produce as many as 1700
filled cans per minute.

In practice, one or two spray guns are used to coat the interior of the spinning
cans. These are oriented at between 5° and 30° with respect to the vertical axis of
the can and placed between 0.5 and 1.5 cm vertically from the top of the sidewall
[6, 7]. Typically the can is sprayed for between 0.05 and 0.2 s and spun for an
additional 0.1-0.5 s [6] so that centrifugal forces can act to redistribute the coating
layer.

The industry uses schematic drawings which plot the substrate as a function of
circular arcs of radius R;, and subtended angles ¢;, as shown in Figure 2. Conse-
quently the slope is always continuous, but there is a discontinuity in the radius of
curvature between adjacent segments. Figure 6 shows a profile view of a typical can
bottom, as well as a possible coating distribution, during the course of the fast spin
with spray phase of the coating process. The functions x(s), 0(s), and 7(s) were
derived from a published schematic drawing of a typical beverage can from a can
manufacturer [8]. We define the “dome” of the can as the region from the center-
line to the first inflection point, as labeled by the symbol A. The “moat” is defined as
the region from A to D, with the inner moat defined as the region from A to B, and
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Figure 6.

Profile of the can substrate in red lines and the coating layer in blue lines at t = .10, in the middle of fast spin
with spray phase. Dimensionless variables are used.
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Figure 7.
Profile of the can substrate in ved lines and coating layer in blue at t = .20, in the middle of the fast spin phase.
Dimensionless variables are used.

the outer portion of the moat from C to D. The intersection of the bottom of the can
with the side wall occurs at E. In this study we will consider one phenomenon in the
can coating process that can lead to a defect in the final coating layer. As centrifugal
forces drive the coating outward along the dome, they can form a “front” which if it
reaches the moat can form pendant drops on the inner wall of the moat. If centrif-
ugal forces are sufficiently large, these drops can detach from the substrate and
flung horizontally outward to the outer side of the moat. This can create a coating
that is too thin on the inner wall of the moat and too thick on the opposite side
(Figures 7 and 8).

We will assume that the spray fan has an elliptical cross section with a ratio of
the major axis to the length of the minor axis of 10. The parameters determining the
placement and orientation of the spray gun are illustrated in Figure 9. For the
simulation considered in this work, the nondimensional parameters are listed in
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Figure 8.

Profile of the can substrate in ved lines and coating layer in blue at t = tmax = .45, near the end of the fast spin
phase. Dimensionless variables are used.

Figure 9.
Profile view of can and spray gun placement and orientation parameters.

Parameter Symbol Value
Distance of spray gun from centerline: fan #1, fan #2 A —0.15, —0.45
Distance of spray gun above can: fan #1, fan #2 B 0.15, 0.45
Angle of spray gun wrt vertical: fan #1, fan #2 9 28°,15°
Subtended angle of spray fan B 100°
Time spray gun acts in fast spin phase Eopray 0.15
Percent of secondary spray 4 5%

Table 2.
Nondimensional pavameters for this simulation.
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Table 1, the dimensional parameters in Table 2, and typical properties of the
coating liquid in Table 3.

From Eq. (26), we see that the coating applied by the spray gun is an inverse
function of the radius of the can substrate ». Consequently, the coating thickness
near the centerline will be significantly greater than that far away from the center-
line. This effect is illustrated in Figure 6 which shows a profile view of the can
substrate and the coating thickness in the middle of the spray phase at time ¢ = 0.10.
Centrifugal forces are mostly parallel to the substrate in the dome region and act to
drive liquid outward toward the moat region, as shown in Figure 7. At the start of
the inner wall of the moat, near symbol A in Figure 8, the can substrate becomes
perpendicular to the centrifugal force, and the coating liquid tends to accumulate at
this point. If the coating becomes too thick in this region, centrifugal forces can
overcome surface tension forces and cause a pendant drop of liquid to form, which
can detach from the inside of the dome edge and be thrown to the region between
D and E. Surface tension forces act against the centrifugal forces in this region and
reduce the chance that a pendant drop will detach from the coating. But if a droplet
does detach, it will cause a starving of coating liquid in the inner wall region and an
excess in the outer wall region, possibly leading to coating irregularities such as
blisters after the final bake.

The dimensionless parameter pR*®?/(c/R) expresses the ratio of the pressure
drop across the interface due to centrifugal forces versus surface tension forces. The
dimensionless characteristic time for droplet detachment is plotted versus this
dimensionless parameter in Figure 10. This graph estimates the maximum value of ,
termed fpmax, before droplet ejection occurs for a Newtonian liquid. Here we esti-
mate the value of 7 when droplet detachment occurs using the criteria developed in
Eq. (5) in Section 5. One can then determine how long the can may remain in the
fast spin phase to avoid this coating irregularity.

The surface tension, density, and viscosity of the coating liquid are difficult to
significantly alter as they depend on the required organic solvent content and
surfactant levels in the paint formula. Similarly, R, the beverage can radius, is fixed
by industry production standards. This leaves the rate of rotation as the only
significant production parameter for changing the nondimensional (centrifugal
force)/(surface tension force) parameter.

The centrifugal ejection of coating liquid from the inner wall of the moat is also
predicted to be a strong function of the position and orientation of the spray gun. In
the above example, the gun is placed 0.5 to the left of the centerline, is 0.5 cm above
the top of the can, and is angled at 28° with respect to the vertical. For our second
simulation, the gun is placed 1.5 cm to the left of the centerline, 1.5 cm above the top
of the can, and angled at 15° with respect to the vertical. All other parameters are the
same as in the previous example. This second spray gun position results in

Parameter Symbol Value
Can radius R 3.33cm
Rotation rate @ 2500-3500 RPM
Distance of spray gun from centerline: fan #1, fan #2 A —0.5cm, —~1.5cm
Distance of spray gun above can: fan #1, fan #2 B 0.5cm, 1.5cm
Average wet coating thickness havg 0.0028 cm
Time spray gun acts in fast spin phase Lspray 0.05s
Table 3.

Dimensional parameters for this simulation.
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Figure 10.
Critical time for droplet formation, tmax, versus centrifugal force parameter. Here dimensionless variables are
used.
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Figure 11.
Critical time for droplet formation, ty,, versus centrifugal force parvameter for two diffevent spray gun
placements. For fan #1, the angle of inclination is 28°, A, = —0.15, B, = 0.45. For fan #2, the angle of
inclination is 15°, A, = —0.45, B, = 0.45. Dimensionless variables are used.

approximately 40% less spray falling on the dome and approximately 10% more
coating on the sidewall than the first case. The total liquid volume emitted from the
two spray guns is identical. Because the flux parallel to the substrate Q“) is a
function of the coating thickness cubed, we would expect that it would take longer
before the coating is driven off the dome due to centrifugal forces for the second
spray gun placement than the first spray gun placement. This is illustrated in
Figure 11 where we plot #,n,x versus the dimensionless centrifugal force parameter
for the two spray gun positions. With the new gun placement and orientation, one
may keep the can in the fast spin phase for between 150 and 190% longer than the
original spray gun configuration.
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7. Conclusion

In this work we have used scaling arguments and perturbation theory to derive
the lubrication form of the governing fluid mechanical equations for a thin liquid
film coating an arbitrarily curved, axisymmetric, rotating substrate. Our main pur-
pose has been to develop mathematical model that can be employed to numerically
simulate the application of a paint film to the interior of beverage cans, though the
basic algorithm may be useful in other applications. We have used our algorithm to
predict the time of centrifugal ejection of coating from the inner moat wall as a
function of several input parameters: the physiochemical properties of the coating
liquid, the rotation rate, and the spray gun placement. The model can also be used to
predict other coating defects and how the input parameters can be used to avoid
them. The effect of solvent evaporation during the drying phase, when gravity and
surface tension forces affect the coating distribution as the viscosity increases until
only a final, hard, film remains, may also be modeled. With so many parameters
regulating the final coating thickness, using experiments to model the coating
evolution and measure the final, dry, film thickness is an almost impossible task.
Instead we can utilize the power and versatility of computer simulation to predict
the coating profile as a function of input parameters. This understanding will be
useful in optimizing the current application process. It may also be essential in
acquiring a satisfactory coating when environmental regulations require a change to
high solids and latex paints.
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Abstract

A material that presents both the appropriate set of bulk properties in conjunc-
tion with an optimal surface performance is hardly found. For this reason, there is
the need of modifying its surface. This is a standard procedure in many application
fields but particularly important in the medical and environmental research. In this
chapter, we describe the use of sputtering, as the chosen technology for the deposi-
tion of thin films. The use of the modified surfaces in the medical and environ-
mental fields will be highlighted by two case studies in each one. In biomedicine,
the surface modification of medical invasive devices for orthopedic and neural
applications will be presented. For the environmental aspect, the results of two
bioremediation tools, for arsenic and uranium removal, based on the immobiliza-
tion of bacterial cells will be discussed.

Keywords: thin films, sputtering, orthopedic implants, neural implants,
bioremediation, biotools, arsenic, uranium

1. Introduction

Although genetic engineering and tissue culture are very promising fields for
the regeneration of tissues and organs of the human body, these areas are in the
early stages of their development and far from a systematic and reliable application
for the majority of the population. Therefore, it is still urgent to develop/modify
nonbiological materials to be used as medical invasive devices.

The field of application of thin films in Biomedicine is very broad, but the main
objective is always to modify the surface of a medical invasive device in order to
confer to its surface a set of properties that the bulk material fails to present. These
properties include antibacterial action [1], improving the adhesion and prolifera-
tion of specific eukaryotic cells [2, 3], inhibiting the immunological reaction of
the organism [4], enhancing the compatibility of mechanical properties between
invasive device and biological tissue [5], among others. Nowadays, due to the
problem of bacterial resistance to antibiotics, there has been an enormous develop-
ment in thin films that are able to reduce or even prevent bacterial adhesion/prolif-
eration. However, for some applications, the development of thin films that allows
the formation of bacterial biofilms is very important. One example is their use in
bioremediation, which comprises the use of organisms, for example, bacteria, algae
and plants, to alter or reduce the toxic impact of contaminants.
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Arsenic (As) is a natural metalloid widely distributed in the air, water and soil
and is considered as a major public health concern. Arsenic occurs in the environ-
ment as the structural analogue of phosphate, arsenate [As(V)] and as the most
toxic form of arsenic oxyanions, arsenite [As(III)] [6, 7].

A large number of microorganisms have been described as arsenic resistant and
different strategies have been connected to their ability to grow in environments
contaminated with this metalloid. Based on this remarkable capacity, the use of
microorganisms to remove arsenic from polluted environments has been seen as a
promising solution for arsenic remediation. The arsenic bioaccumulation or biose-
questration abilities exhibited by some strains have been used or enhanced in order
to obtain efficient organisms to deal with arsenic-contaminated waters [8, 9].

On the other hand, former uranium mines are a source of environmental
contamination, since the leaching of acid water resulting from mining activity
can transfer heavy metals and radioisotopes to the surrounding environmental
compartments. U in the environment occurs mainly as three different isotopes
(238 U, 235 U and 234 U), all of them being radioactive; however, it is its chemical
toxicity that is of greatest ecological risk. U at contaminated sites has two major
oxidation states stable in aqueous media: U(VI), the most common oxidation state
of the uranyl ions, (UO,)?*, which is highly soluble and mobile; and U(IV), which
is extremely insoluble and usually precipitates as uraninite, UO,. U(VI) is therefore
considered to be more toxic since it is highly mobile in the environmental systems.

Microorganisms can use different mechanisms to immobilize U: (1) biosorp-
tion, by establishing nonspecific interactions between the U and the extracellular
surfaces of microorganisms [10]; (2) bioaccumulation of U within the cells; (3)
oxidation-reduction processes which transform soluble U forms, U(VI), into more
stable forms, U(IV) [11] and (4) biomineralization by U precipitation as minerals
[12]. Among the previous mechanisms, under aerobic conditions, biomineralization
is the process that can be more feasible since it implies the immobilization of U(VI)
soluble species with enzymatically-generated ligands like phosphate and sulfides.

2. Production of thin films

There is a myriad of technologies that can be used for the deposition of thin
films. The choice of deposition process is dependent upon several factors, such as
substrate structure and operating temperature. Several attempts have been made
to classify deposition process, but they differ from the perspective of the authors
that make these efforts. It is not the goal of this chapter to exhaustively list all the
technologies. For that excellent books and reviews can be consulted, such as those
of references [13-15].

Considering only the vacuum technologies, more recently, it is generally
accepted that there are four general categories of thin film deposition: atomistic
growth, particulate deposition, bulk coating and surface modification. Within these
technologies especially emphasis will be given to sputtering, which is the technol-
ogy used for the production of the thin films that are used for the medical and
environmental applications described in the next section. Sputtering is one of the
techniques of physical vapor deposition (PVD).

The properties of the films deposited by this sputtering depend on the material
of the target, the gas used for the discharge and deposition parameters such as pres-
sure, target-distance, polarization of the substrate and the chemical composition
of the discharge gas. In fact, in addition to the nonreactive noble gas, the discharge
gas, others can be added such as oxygen, nitrogen or methane. In this case, the sput-
tering is said to occur in a reactive mode. The use of a magnetron associated with
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the cathode creates a magnetic field that imposes compulsory trajectories to the
electrons ejected by the target, increasing the bombardment density.

The use of different power sources enables not only the deposition of electric
conductive materials, direct current (DC) power supply, but also the deposition of
ceramic and polymers, when radio frequency (RF) generators are used. Therefore,
any material can have its surface changed by the deposition of any other type of
material, similar or dissimilar, by sputtering. In order to better understand the
enormous advantages of the use of sputtering, many excellent reviews have been
published, namely a very recent one with an overview from the 1800s to 2017 [16].

3. Application of thin films
3.1 Medical applications

The use of thin films for medical applications arises from the fact that most bulk
biomaterials that are currently used as invasive devices were not developed for this
specific purpose. In fact, most bulk materials used as biomaterials can be found in
our garages because they were developed for different purposes. Examples are light
titanium alloys used in cars parts or carbon reinforced composites in bicycles. The
experience has proven that the body more or less tolerates these materials and their
overall set of properties/characteristics (mechanical, electrical, etc.) is appropriated
for a specific use inside the body. However, in the majority of the cases the surface is
not optimized for biological environment and, no matter how good and appropriate
the bulk material is, if the surface does not present the adequate combination of
chemical composition, wettability, surface charge and morphology/topography, the
abiotic/biotic interface is never going to reach its full potential. Consequently, the
bulk material is often modified by the deposition of a thin film.

The first example of the use of thin films for medical applications concerns
work developed in our laboratories, never published before. This study arose from
the fact that in most of the recently published literatures concerning the use of
Ti6Al4V alloy for medical invasive devices in contact with hard tissue, such as for
orthopedic and orthodontic applications, refer the need to substitute vanadium
(V) by another element. This fact, from the biochemical point of view, has no
sustainability. In fact, V is a key element in some of the metabolic pathways of our
organism and is being considered in some pharmaceutical drugs, due to its antidia-
betic effect [17]. Moreover, there are no metabolic pathways that use titanium (Ti)
or aluminum (Al) and these elements are present in much higher contents than
V. Therefore, our study had the goal to access the difference between an unmodi-
fied bulk Ti6Al4V femur implant and the sputter modified implant. For the surface
modification, two chemical compositions were produced: Ti6Al4V and Ti6Al. With
this approach, it would be possible to study the effect of vanadium in the Ti-based
thin film and also compare the same chemical composition (Ti6Al4V) in bulk and
thin film form.

Both thin films presented a thickness of 750 nm, and from the X-ray diffrac-
tograms, it was possible to calculate the crystallite size of the thin films: 17.5 and
20 nm for Ti6Al and Ti6Al4V, respectively. This indicated that, in opposition to the
microscopic grain size of the bulk material, the thin films were nanostructured. The
hardness of both bulk and thin films was determined by ultra-micro hardness test
and, due to the nanometric crystallite size, the hardness of the thin films was higher
than the bulk material (Table 1). This was expected according to Hall-Petch relation
[18]. Nevertheless, the presence of vanadium in the thin film reduced the hardness
value in comparison with the Ti6Al thin film.
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Surfaces Hv (GPa) Lcl (N) Lc2 (N)

Bulk Ti6Al4V 4.0+0.5 — —

Ti6Al thin film 73+ 0.6 35 44

Ti6Al4V thin film 49+0.7 >70 >70
Table 1.

Hardness and adhesion of the bulk and thin films Ti-alloys.

Another important characterization was the evaluation of the adhesion of
the thin films to the Ti6Al4V bulk substrate. In fact, the presence of an interface
between the substrate and the thin film is often related with the development of
stress that result in the detachment of the thin film when in use. The characteriza-
tion was performed by a scratch indentation test and the results (Table 1) allow to
determine both cohesive (Lcl1) and adhesive failures (Lc2) values. Due to the perfect
chemical compatibility between the Ti6Al4V thin film and bulk material, both cohe-
sive and adhesive failures are higher than 70 N (the maximum value determined by
the equipment). For the Ti6Al thin film, despite the similar chemical composition,
the adhesive failure (detachment of the thin film from the substrate) occurred at
44 N.

The wettability was accessed by static contact angle measurements between
10 uL of water and the three surfaces (Figure 1).

The results showed that the bulk material presented the highest contact angle
(78°), followed by Ti6Al thin film (62°) and finally Ti6Al4V thin film which pre-
sented a zero-contact angle revealing a completely wettable surface. This fact indi-
cates that the ion exchange between the Ti6Al4V thin film and the biological fluid is
enhanced, indicating that the formation of an apatite-like layer on this surface will
be easier to occur than on the other two materials and, therefore, a better osseoin-
ductive behavior is expected from Ti6Al4V thin film.

In fact, when the unmodified and sputter modified bulk Ti6Al4V were immersed
for 60 days in Hanks’ simulated body fluid, at 37°C with 100 rpm, the previous
expectations were confirmed (Figure 2). The analysis of chemical distribution of
calcium on the surface of the materials (Figure 2) unequivocally showed a higher
surface coverage on the surface of the Ti6Al4V thin film.

Therefore, the surface of this specific thin film demonstrated, by the iz vitro
tests, to be the most promising for the osseointegration of medical invasive devices
that contact with hard tissue. The presence of V in the thin film seems to be essen-
tial for the better performance of the Ti alloy, when in comparison with the Ti6Al
thin film. Also, due to its nanostructured structure, Ti6Al4V thin films outperform
the chemical mimetic bulk material.

The second example of applications of thin films for medical applications is
also based on work developed in our laboratory and never published before and is

a W »n 0 o

N L ..

Figure 1.
Contact angle between a drop of water and Ti6Al4V bulk material (a), Ti6Al thin film (b) and Ti6Al4V thin
film (c).
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6 days

Bulk
TicAMV

Thin film
TicAl

Thin film
TicAlLV

Figure 2.
Elemental mayp distribution of calcium (light blue) on the surface of the modified and unmodified bulk
Ti6Al4V bulk implant after 6 and 6o days of immersion in Hanks’ solution (bar = 8o um,).

related with neural implants. Some examples of the use of materials in neurosci-
ences include the monitoring of intracranial pressure, the regeneration of nervous
tissue of the medulla region, for controlled drug delivery systems and microelec-
trodes for the nervous system. In the latter case, the devices may be used to increase
or decrease a certain neurological function. Focusing of this type of application,
one of the major problems in this field of Biomedicine is the lack of mechanical

and biological compatibility between the tissue and the materials used as implants:
silicon, tungsten, gold, iridium and stainless steel. In fact, although tests carried out
in accordance with ISO 10993 have demonstrated the noncytotoxicity of the above-
mentioned materials, the results of in vitro and in vivo experiments show a very
different reality. The development of a glia scar around the nervous tissue inhibits,
after few weeks, the stimulation and recording of neurons. Several examples are
present in the literature of research addressing this problem by modifying the sur-
face of neural electrodes by different strategies [19-22], but mostly with polymeric
materials.

Our work addressed this issue by modifying silicon neural implants by sputter
depositing hybrid nanostructured thin films of silica, gold and silver (SiO,/Ag/Au)
[23]. SiO, was chosen due to its chemical compatibility with the base material thus
preventing the lack of adhesion between substrate and thin film. The nanocompos-
ite system was designed to induce the release of one metal, which has been described
as having antimicrobial properties, silver. In order to ensure that silver was oxidized,
gold was added.
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Several chemical compositions were tested and characterized in order to select
the best one for the in vitro tests with prokaryotic and eukaryotic cells. If was con-
firmed, by transmission electron microscopy (TEM) characterization, the nano-
composite nature of the hybrid deposited thin films (Figure 3). They all consisted
of an amorphous silica layer with dispersed nanometric size metal grains.

All the films presented a mean surface roughness, determined by atomic force
microscopy, lower than 20 nm and hardness values, determined by nanoindenta-
tion, of around 2 GPa. The thin film with the chemical composition (in atomic %)
of Si=258; O = 53.4; Ag = 9.6 and Au = 11.2, was chosen for the remaining charac-
terizations and the biological tests. This surface presents a static contact angle with
water of 26° and a zeta potential value of -70 + 4 mV.

The first in vitro tests were made with Pseudomonas aeruginosa bacteria in order
to test the antimicrobial activity of the developed hybrid nanostructured tin film.
After 24 h of incubation, the halo inhibition test (Figure 4) demonstrated that
neither silicon (result not shown), nor SiO, presented any antimicrobial effect. On
the contrary, the SiO,/Ag/Au thin film presented a 4 mm inhibition halo indicating
that the Si modified surface was able to inhibit the growth of these strain of bacte-
ria, which is considered one of the most harmful in nosocomial related infections.

The tests with rat embryo cortex cells, within the conditions usually used for this
type of tests in neurosciences, and after 15 days of incubation, the cells were pre-
pared for the immunocytochemistry tests. The observation in an optical fluorescent
microscope (Figure 5), where the neurons nuclei are marked in blue, showed that
unmodified silicon presents a very poor cell density, while SiO,/Ag/Au presented

Figure 3.
Bright field TEM micrograph of a SiO,/Ag/Au hybrid nanocomposite thin film.

b)

Figure 4.
Optical micrographs of the inhibition growth halo tests, with P. aeruginosa, of silicon modified with SiO,
(a) and SiO,/Ag/Au (b) thin films (bar = 10 mm).
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Figures.
Optical fluorescent micrographs of rat embryo cortex cells after 14 days of incubation with polylysine (a),
silicon (b) and SiO,/Ag/Au (c) surfaces (bar=200 um).

a higher cell density, almost similar do the one observed on the “gold standard” of
these type of tests, polylysine.

3.2 Environmental applications

Environmental degradation is a very challenging field. Natural resources are
being enormously harnessed and their stock is exhausted every day. Moreover, the
ecological balance is disturbed and the natural resources are being polluted.

For the removal of contaminants from the environment, several strategies are
available. In the past, classic remediation strategies were mainly used. An example
of innovation for sustainable development is to use alternative remediation strate-
gies as bioremediation. Although the Romans already used organisms to clean their
wastewater in 600 BC, it was only after 1972 that the first official bioremediation
strategies were tested.

Microbial responses to metals with potential for bioremediation include chela-
tion, compartmentalization, exclusion and immobilization [24]. The use of these
bacterial abilities is an important strategy for the development of the bioremedia-
tion tools. Often, their application to the environment requires the immobilization
of the cells to obtain an effective bioremediation. Bacterial cells can be immobilized
in different supports. Briefly, cells can be immobilized by covalent coupling, affin-
ity immobilization, adsorption, confinement in liquid-liquid emulsion, capture in a
semipermeable membrane and entrapment in polymers [25].

When genetically modified organisms are used, their covalent immobilization
is mandatory in order to prevent their release into the environment. However, the
covalent immobilization of the cells always requires that the biological entities keep
their metabolic abilities, useful for bioremediation. Moreover, immobilization of
microorganisms presents several major advantages such as: (1) continuous supply
of nutrients without competition with other microorganisms [26]; (2) increase of
biomass of specialized microorganisms with specific desired metabolic activity [27,
28]; (3) protection of the cells against the environmental stress, toxic chemicals and
UV irradiation [27, 29]; (4) easier control of the bioprocess [29] and (5) easy, cheap
and feasible technique to be used since the immobilized microorganisms can be
used several times without significant loss of activity [30].

The use of thin films in the design of biotools for environmental application is
here illustrated by two case studies. The first describes the development of an arsenic
biofilter [31]. The environmental contamination with arsenic is a worldwide prob-
lem, and the development of new strategies for arsenic removal is an ever ongoing
research. In this study, genetically modified bacteria able to accumulate arsenic were
generated by modification of the arsenic resistant strain Ochrobactrum tritici SCII24T
[32]. The O. tritici As5 mutant cells, exhibiting a high percentage of arsenite accu-
mulation, were immobilized on a commercial polyethylene (PE) net after sputtered
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Figure 6.
SEM micrographs of immobilized cells of O. tritici mutant Ass onto PTFE thin films showing an early stage
after inoculation (a) and the development of the biofilm (b).

modified by the deposition of poly(tetrafluoroethylene) (PTFE) thin films, with
approximately 500 nm thick. Different PTFE thin films were tested regarding their
ability to immobilize cells in an active form that enabled the microorganisms to form
a biofilm and work as a biofilter for arsenic. The surface that exhibited a mild zeta
potential value, hydrophobic characteristics, the lowest surface free energy but with a
high polar component and the appropriate ratio of chemical reactive groups showed
to be the optimal for bacteria development (Figure 6). The immobilized cells main-
tained their ability to accumulate the surrounding arsenite.

The second case study describes the application of thin films for bacterial cells
immobilization in the construction of a biofilter for the removal of uranium from
contaminated water. The biofilter was constructed by the immobilization of the
strain Rhodanobacter A261 onto the PTFE thin films. Under batch conditions, low
nutrient content, pH 5 and different uranium concentrations, this strain was able to
remove approximately 120 pM of U(VI) when grown aerobically in the presence of
500 uM U (Figure7). As described earlier, the strain was inoculated in PTFE thin
films deposited with different deposition parameters, which led to surfaces with
distinct values of zeta potential, hydrophobic characteristics, surface free energy,
polar component and ratio of chemical reactive groups.

After being evaluated for their ability to immobilize uranium, the optimized
PTFE thin film was used to modify PE commercial nets and, after bacterial cells
immobilization, the filters were applied in a wastewater treatment plant from a
uranium closed mine (Urgeiriga, Portugal). The filters were submerged during
3 months in the last tank of the wastewater treatment station. After 1 and 3 months,
they were removed, and their ability to be colonized (biomass in the filter) and
uranium detection (Figure 8) was evaluated.

Figure 7.

The backscattered mode SEM micrograph (a) showed the presence of U (brighter spots) and the qualitative
energy dispersive spectroscopy (EDS) (b) confirmed uranium detection in PTFE thin film of Rhodanobacter
A2-61 microcolonies after being in contact with a 500 uM uranium solution.
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Figure 8.

SEM micrographs of noninoculated (a) and inoculated (b) PTFE thin films with Rhodanobacter A2-61 after
3 months submerged in a mine wastewater passive treatment plant; EDS analysis (c) inoculated surface of the
region marked with blue arrow in (b).

The thin films demonstrated its ability to immobilize the cells and stabilize a
thick biofilm which was able to be metabolic active in the remediation of metals.
Although after 3 months all filters showed microbial colonization, from native
species, a difference in thickness and structure was visible between inoculated and
noninoculated biofilters. The presence of the thin film showed to be essential for
the immobilization of Rhodanobacter A2-61 that, in turn, was mandatory for U
accumulation. In fact, only these biofilters showed U immobilization. Besides the
uranium, other metals were detected in the biofilm, such as Mn and Fe.

4, Conclusions

In this chapter, the production of thin films by sputtering and their uses in medi-
cal and environmental fields were exemplified. The ability of the sputtering tech-
nique to produce metastable materials, which are not predicted by the traditional
chemistry thermodynamic, allows to produce tailor-made surfaces that present the
optimized set of properties for specific applications.

A nanostructured Ti6Al4V thin film showed to have better osseointegration
properties than in its bulk form. Also, the presence of vanadium proved to be
essential to achieve the best performance.

The modification of silicon, used as neural implant, with a hybrid nanocompos-
ite thin film of SiO,/Au/Ag demonstrated to induce a surface that provides a better
adhesion and proliferation of rat embryo cortex cells concomitantly with an anti-
bacterial effect against some of the bacteria responsible for nosocomial infections.

The deposition of PTFE thin films, with optimized surface properties, onto the
surface of a commercial PE net allowed to develop biotools for the bioremediation
of two elements considered very hazardous both for humans and environment:
arsenic and uranium.
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Chapter 9

Nanostructuring Indium-
Tin-Oxide Thin Films by
Femtosecond Laser Processing

Phuoc Huu Le and Chih-Wei Luo

Abstract

This chapter reviews the nanostructuring fabrications and properties of
indium-tin-oxide (ITO) thin films by femtosecond laser annealing. Fundamental
mechanisms of laser-induced periodic surface structures (LIPSS) and other
nanostructures on ITO films are presented and discussed in detail. ITO films with
large-area surface ripple structures with a multiperiodic spacing of ~800, ~400,
and ~200 nm were successfully fabricated by femtosecond laser pulses, without
scanning. The ITO films exhibited significant enhancement in electrical conductiv-
ity by ~30 times because of the formation and distribution of indium metal-like
clusters. This metallic content of the laser-induced nanodots and nanolines further
causes the anisotropic transmission characteristics in the visible range. In addi-
tion, by varying the laser fluences, nanostructures with cotton, brick, and ripple
forms are generated on the surface of ITO films, which produce cyan, yellow, and
orange colors. Intriguingly, the ITO films with laser-induced nanostructures can
significantly attenuate blue light, thus they are potential for applications such as eye
protection and information security.

Keywords: indium-tin-oxide (ITO), femtosecond laser annealing, laser-induced
periodic surface structures (LIPSS), anisotropic transmission, laser-colorized
ITO film

1. Introduction

Transparent conducting oxide (TCO) film is one of the essential components
in various state-of-the-art optoelectronic devices, including liquid crystal displays
(LCDs), organic solar cells, touch screens, and organic light emitting devices
(OLEDs). Among TCOs, indium-tin-oxide (ITO) is a well-known wide bandgap
semiconductor that has metal-like electrical properties and high optical transmis-
sion in the visible region [1, 2]. Indeed, ITO possesses high electrical conductivity
(~10"* Q-cm) and high transmission (~90%) in the visible range [3, 4]. In OLED
applications, surface properties of ITO films, such as their electron affinity and
work function, play a key role in determining the characteristics of OLEDs, owing
to their direct contact with the organic materials, as a hole injection layer [5]. ITO
has also been extensively used as a good ohmic contact material owing to the excel-
lent surface conductivity in GaN-base light emitting diodes (LEDs) [6].
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Recently, material processing by femtosecond (fs) laser irradiation has attracted
a great deal of attention because the energy of fs pulses can be precisely and rapidly
transferred to the film without thermal effects. This is so-called femtosecond laser
annealing (FLA). FLA demonstrates as a good method to induce crystallization
within a thin layer of materials and avoid thermal melting in materials. Thus, FLA
can be employed in flexible technology, where thin films are coated on polymer
substrates with low glass transition temperature (T;). For example, Pan et al.
reported near-infrared femtosecond laser-induced crystallization in amorphous
silicon [7]. Recently, laser-induced periodic surfaces structures (LIPSS) or ripples
have been observed for various materials, under pulsed laser illumination near their
ablation thresholds [8-14]. Materials with LIPSSs also possess modified physical
properties, such as the friction [15], the hydrophobicity/hydrophilicity [16], the
conductivity [11-13] and the absorptance [16-18].

This chapter reviews recent advances on fabrication of various nanostructures
on the surface of ITO films by using femtosecond laser processing. In addition,
it reports detailed property modification of fs-laser treated ITO films, including
enhanced electrical conductivity, anisotropic optical transmission, laser-colorized
effect, and performance of the organic photovoltaic devices using ITO with LIPSSs.
This chapter also gives an insight into the formation mechanisms for LIPSSs, the
relationship between fs-laser processing and properties of fs laser-treated ITO
films, and potential applications of nanostructuring ITO films.

2. Fabrication and characterizations of nanostructuring
indium-tin-oxide films

2.11ITO thin film preparation

ITO thin films were deposited on a glass (a size of 1 x 1 cm) using magnetron
sputtering deposition at room temperature, O,/(Ar + O,) flow ratio of 0.047, and a
power of 1000 W. The ITO target (58 x 15 cm) was composed of In,0; with 10 wt%
SnO,. The as-deposited ITO thin films have a thickness of 30-80 nm and a resistiv-
ity of ~4 x 107> Q-cm.

2.2 Experimental setups

For fabricating nanostructures, the ITO films were irradiated using a regenera-
tive-amplified Ti:sapphire laser (Legend USP, Coherent), with a central wavelength
of 800 nm, a pulse duration of 100 fs, a pulse energy of ~0.5 mJ, and a repetition
rate of 5 kHz (Figure 1a). The diameter of the laser beam was adjusted to ~14 mm,
which can cover fully the sample size of 1 x 1 cm. The samples were irradiated with
different fs laser shots (N) of 0, 5 x 10%, 2.5 x 10%, 1 x 10, 3 x 10, and 3 x 10°.

For studying the anisotropic optical transmission of nanostructured ITO films,
all optical spectra were measured through an iris with a 0.1-mm-diameter hole
located at a position close to the central region of the laser-induced nanostructures
(or laser spot). The fs laser-treated ITO films had ripple structures of nanodots and
nanolines on the film surfaces. The transmission spectra of the films were measured
using polarized light with a direction of polarization (P) parallel or perpendicular
to the direction of the long axis of the nanodots or nanolines (L) on the ITO films
(see Figure 1b and the inset of Figure 6c).

For fabricating the various surface modifications in Section 5, the ITO films with
a thickness of 80 nm were mounted on an xyz stage and irradiated at room tempera-
ture and ambient pressure using a commercial Ti:sapphire amplifier (Solstice Ace,
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Figure 1.
Experimental setup for (a) the fabrication of nanostructuring ITO films and (b) the characterizations of
anisotropic optical properties on ITO films with periodic nanostructures on the surfaces.

Spectra-Physics) with a central wavelength of 800 nm, a pulse duration of 35 fs,
and a repetition rate of 2 kHz. The laser beam with line spot (a length of 4.6 mm
and a width of 21 pm) was focused by a cylindrical lens (f = 40 mm). The scanning
speed was approximately 160 pm/s.

2.3 Characterizations

The optical transmission of as-deposited and fs laser-treated ITO films was mea-
sured using an UV-visible-near-IR spectrophotometer (Shimadzu SolidSpec-3700).
The morphology of the films was examined using a scanning electron microscope
(SEM) (HITACHI-S2500 JSM-6500F). The film thicknesses were determined by
surface contour measurement (KOSAKA ET4000A), with a vertical resolution of
0.1 nm. The resistivity, carrier concentration, and the Hall mobility of the ITO
films were measured by the Hall measurements (Bio-Rad Microscience HL5500)
using the Van der Pauw method. The surface composition and chemical bonding
were studied by X-ray photoelectron spectroscopy (XPS, PHI Quantera AES 650),
with source of Al Ka at 1486.7 eV, passing an energy of 15 keV, and analyzed a spot
size of 100 pm. The XPS spectra were calibrated by using Au at binding energy
of 84.0 eV. XPS curve fitting was performed using free-ware XPSPEAK4.1 from
Dr. R.M. Kwok, the Shirley background subtraction, and assuming a Gaussian-
Lorentzian peak shape. Auger electron spectroscopy (AES, ULVAC-PHI 700) with
a spatial resolution of ~30 nm under 5 keV operating voltage was used to study the
local compositions of the as-deposited and fs laser-irradiated ITO films.

In Section 5, the morphology of the colorized ITO films was measured using
high resolution field emission SEM (JEOL). To determine the relationship between
the reflectance/transmittance spectra and the colors of fs laser-colorized ITO films,
we used a spectrometer (U3310, Hitachi) with both deuterium and tungsten iodide
lamps (allowing for a scanning range from 190 to 900 nm with a resolution of
0.3 nm).
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3. Superior local conductivity in self-organized nanodots on
indium-tin-oxide films induced by femtosecond laser pulses

Figure 2a—f shows the surface morphology of ITO films after normal-incidence

irradiation with different pulse numbers from 0 to 5 x 10° (fluence: 0.1 mJ/cm?).

The film only exhibits few small dots for N = 5 x 10° shots (Figure 2b). Meanwhile,

the laser-induced periodic structure is clearly observed on the surface of ITO films

for N > 2.5 x 10* shots (Figure 2c—f). In the inset of Figure 2f, the submicron ripple
structure is composed of self-organized line dots (size: 20-500 nm). The periodic ripple
pattern has long axis perpendicular to the direction of the laser polarization (the arrow
in Figure 2f). The mixture of the dotted and ripple structures is attributed to the inter-
ference of scattered and diffracted waves at the grains and/or defects. This is similar to
ordered YBCO array structures, formed by the solidification of melted dot patterns,
under conditions of constructive interference and minimized surface energy [11, 19].

The present periodic ripple structures have spacing of approximately 798 + 15,
420 + 14, and 230 * 15 nm. The formation of the two large ripple spacing cases (i.e.,
798 + 15 and 420 + 14 nm) can be easily explained by classical scattering model [20]:

A
= Trsmo )

where A is the ripple spacing, 4 is the laser wavelength, and 8 is the incident
angle of the laser beam onto the target. However, the classical scattering model
with Eq. (1) cannot be used to predict for the shorter ripple spacing of 230 + 15 nm,
which is much smaller than the laser wavelength of 800 nm. We noted that the
spacing value is close to ~200 nm, thus it could be induced by second harmonic
generation (SHG) with a shorter wavelength of 400 nm around the surface of ITO
film. It is reasonable for occurring SHG owing to the surface asymmetry when the
subwavelength ripple with ~200 nm is indeed observed in high intensity regions,
especially in the center of laser Gaussian beam (Figure 2f).

Figure 3 shows the effects of number of pulses (V) from 0 to 3 x 10° shots on the
carrier concentration (n), carrier mobility (u), and resistivity (p) of the ITO films.
For N < 10%, the laser-treated ITO films almost remain the same as that of the as-
deposited ITO films. As further increasing N from 5 x 10° to 3 x 10°, the n increases
noticeably from ~1 x 10" to ~1.6 x 10" cm™, In contrast, the s decreases corre-
spondingly from 12.3 to 10.2 cm®/V-s (i.e., 17% reduction), after fs laser annealing
with 3 x 10° shots at a fluence of 0.1 mJ/cm”. Reasonably, by using the Hall measure-
ment, it is hard to detect a slight difference inz for N < 10°. However, for larger N
(103 shots), the accumulated number of pulses induces the thicker laser-irradiated
area for detecting the variation in # using the Hall measurement. Due to the
aforementioned variation of # and y, the resistivity presents a 14% reduction from
43x107%at N = 0t03.7 x 107> Q-cm for N = 3 x 10° shots, which is primarily due to
the increased #. Noticeably, the thickness the ITO films before and after irradiation
are 30 + 1.5 nm, and the thickness variation is not noticeable, and thus, the effect of
thickness on the electrical properties can be eliminated.

The optical transmittance of the as-deposited ITO and fs-laser treated ITO
films for 3 x 10° and 3 x 10° shots is shown in Figure 3b. Obviously, the optical
transmittance of fs laser-treated ITO films remains about the same as that of the as-
deposited ITO film, and they achieve a high transmittance of approximately 85% in
the visible to near-infrared (NIR) range. The electrical and optical results indicate
that fs laser annealing represents a new method to enhance the electrical properties
of ITO films and retain their high optical transmittance.

To identify the cause of surface conductivity enhancement for fs laser-treated
ITO films, we performed the X-ray photoelectron spectroscopy (XPS) experiments
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Figure 2.

(aﬁf ) SEM images of periodic surface structures induced by 800 nm fs laser pulses at a fluence of 0.1 mJ/cm?
and with various pulse numbers (N = 0, 5 x 10%, 2.5 x 10%, 1 x 10°, 3 x 10°, and 3 x 105, respectively). The
black-square inset shows the enlarged surface features at corvesponding locations in (f). The arrow indicates the
direction of the laser polarization [11].

on the as-deposited and fs laser-treated ITO films in comparison with In,0;
powder. Figure 4a shows Donley’s model of surface composition of an ITO film,
which has In,O;-like sites, oxygen-deficient sites, and hydroxide and oxyhydrox-
ide groups [21]. Figure 4d-g shows the O1s XPS spectra of fs laser-treated ITO
films with N from 5 x 10% to 3 x 10°. Figure 4c presents the O1s XPS spectrum of
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( a§ The carrier concentration, mobility, and resistivity in the fs laser-treated ITO films as a function of the
pulse numbers (the solid lines ave a gmde to the eyes). (b) The transmittance in the fs laser-treated ITO films as
a funmon of wavelengths with various pulse numbers (N = 0, 3 x 10°, and 3 x 10°, vespectively) at a fluence of
0.1 mJ/em’® [11].

as-deposited ITO films. It can be fitted well with three peaks, namely the In,0;-like
oxygen at 529.6 + 0.1 eV [21, 22], oxygen adjacent to the oxygen-deficient sites at
531.0 + 0.1 eV [21, 22], and hydroxide and/or oxyhydroxide peak at 532.0 + 0.1 eV
[21-23]. Compared with a reference sample of In,O; powder (Figure 4b), the
oxygen peak (at 531.0 + 0.1 eV) that is adjacent to the oxygen-deficient sites of
as-deposited ITO film (Figure 4c) increases because of the formation of oxygen
vacancies during the thin film growth using sputtering [23].

Furthermore, the XPS spectra of In 3ds,, for In metals, In,0; powders, and fs
laser-treated ITO films, are shown in Figure 5a. The In 3ds/, peak of In metal locates
at a lower binding energy of 443.7 eV, corresponding to the In bonding state of In-In
bonds [23]. However, the In 3ds/; peak of the In,0; powder shifts to the higher bind-
ing energy of 444.6 eV, corresponding to the In** bonding state of In,0; [22, 24].
Thus, the valence states of In,0; for the as-deposited ITO film can be demonstrated
by the In 3ds/, peak at 444.4 eV. As increasing the number of fs laser pulses, there
is a gradual shift in the In 3ds/; peak from the In-O bondlng state to In-In bonding
state. Particularly, the peak of In 3ds/; for N = 3 x 10° is located at 443.9 eV, which
is close to the binding energy of In-In bonds. This result strongly indicates that
the existence of In metal-like clusters on the surfaces of fs laser-treated ITO films,
particularly inside the self-organized nanodots that result in the enhanced electrical
conductivity for the films. Similarly, upon fs laser irradiation, the aggregation of
metal nanoparticles was observed in thin plasma polymer films due to the strong
interaction via dipolar forces of the metals [25].

Figure 5b summarizes the findings that periodic self-organized nanodots are
formed on the surfaces of the ITO films treated by fs laser pulses because of con-
structive interference of fs laser. The nanodots are In-like clusters, which induce
superior local surface conductivity, and consequently offer reducing the electrical
resistivity for the films. The approach for finding the self-organized nanodots with
superior local surface conductivity may be suitable for applications such as nano-
lithography, nanophotoelectrons, and nanomechanics, in large-area nanotechnology.

In brief, periodic ripple structures with a multiperiodic spacing of ~800, ~400,
and ~200 nm were successfully fabricated by fs laser pulse irradiation. The ripple
structure is composed of self-organized nanodots with a size of 20-500 nm, which
are presumably formed by the solidification of melted dot patterns, under condi-
tions of constructive interference and minimized surface energy. The ITO films with
ripple structures on the surfaces exhibited significant enhancement in electrical
conductivity, which is attributed to the formation of In metal-like nanodots/clusters.
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(a) Schematic representation of as-deposited ITO surface composition based on Donley’s model [21]. (b) The
O1s XPS spectra of In,O; powder and fs laser-treated ITO films with various pulse numbers (N = 0, 5 x 10°,
2.5 x 10% 3 x 10°, and 3 x 10°, respectively) [11].
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(a) The In 3ds;, XPS spectra of In,O; powder, In metal, and fs laser-treated ITO films with various pulse
numbers (N = 0, 5 x 10%, 1 x 10°, 3 x 10°, and 3 x 10°, respectively). (b) A schematic illustration for the
formation of self-organized nanodots induced by the constructive interference of fs laser at near-surface region.
The dot is composed of In-rich clusters with a height of ~5 nm as a result of In-O bonding breaking into In-In
under local-field enhancement [11].

4. Anisotropic optical transmission of femtosecond laser-induced
periodic surface nanostructures on indium-tin-oxide films

This section focuses on the anisotropic optical properties of the nanostructures,
including nanodots and nanolines, on ITO films fabricated by fs laser irradiation
[12]. Figure 6a and b shows the surface morphology of nanodots and nanolines
on ITO films. The solid line in Figure 6¢ presents the optical transmission of an
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as-deposited ITO film in the visible range of nonpolarized light. The transmission
spectra of the fs laser-treated ITO films were measured using polarized light with
L//P or L1P, as shown in Figure 6e. The transmission of L//P (Tp) for visible

light was lower than that of L1P (7,,,) in the ITO films with structures of nanodots
and nanolines in which the nanoline structure exhibited larger difference between
the transmittances of 1,,, and 7,,, in visible range than that of nanodot structure.
Indeed, the extinction ratio (7,,,/T;,,) in the nanoline film was enhanced by 42% at
a wavelength of 400 nm (Figure 6d). The laser-induced periodic nanostructures on
the film surfaces induced this dichroic or anisotropic transmission property for the
fslaser-treated ITO films.

A schematic illustration for the dichroic optical property of the nanoline film
is shown in the inset of Figure 6c¢. The vertically polarized light (Py), which is
parallel to the long axis of the nanoline structure (L), was significantly blocked
by the nanostructured ITO films. Meanwhile, the horizontally polarized light
(Pn) can pass through the nanoline structure, which is perpendicular to the long
axis of the nanoline structure (L). These results demonstrate that anisotropic
optical transmission can be simply induced and manipulated by using ITO films
treated under fs laser irradiation. This property may have potential in applica-
tions such as optical devices for polarization control in the visible range [26]. We
note that the anisotropic reflection property of the nanostructured ITO films was
not evident because the films had a relatively low reflectance compared to the
transmittance.
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Figure 6.

(a and b) SEM images of nanodots and nanolines on ITO films. The arvows indicate the polarization direction
of the irradiated fs laser. (c) The optical transmission spectra of as-deposited ITO and fs laser-treated films
with the structures of nanodot and nanoline; the inset in (c) shows a schematic illustration of the two forms of
polarized light (Py and Py) passing through a fs laser-treated ITO film. L: the directions of nanolines. (d) The
extinction vatio (T ,.p/T 1,p) for the fs laser-treated films with structures of nanodot and nanoline. T, .p

(T 1,p) is the transmittance in the configuration, LLP (L//P), as shown in (e) [12].
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For the case of L//P in Figure 6e, the metallic and periodic nanoline structure
on the ITO films reflects or absorbs the incoming electromagnetic (EM) wave
due to the movement of electron along the metallic nanolines and Joule heating
loss, consequently leading to blocking of the EM wave. However, the movement
of electrons along the metallic nanolines is not in the same manner for the case of
EM wave with L1P (Figure 6f). The loss caused by Joule heating and reflection is
limited, and thus, the EM wave is transmitted highly through the ITO films with
periodic nanodot or nanoline structures (Figure 6f).

To get an insight into the responsible mechanism for the anisotropic optical
properties, the compositions of fs laser-treated ITO films were investigated using
AES. Figure 7a shows the first derivative (dN/dE) AES peaks (i.e., In(MNN)
at 410 eV, Sn(MNN) at 433 eV, and O(KLL) at 519 eV [27]) of an as-deposited
film and a nanoline film. The point A (outside a nanoline) and point B (inside a
nanoline) are shown by the SEM image in Figure 7b. Obviously, for the fs laser-
treated ITO film, the dN/dE signals of In(MNN), Sn(MNN), and O(KLL) slightly
reduced at point A as compared with those of as-deposited ITO film. Meanwhile,
the dN/dE signals (top-pink line in Figure 7a) reduced remarkably at point B
(inside a nanoline, see Figure 7b). The reduction in AES signals indicates that the
composition of fs laser-treated ITO films is modified, especially at the nanoline
locations. According to the results in the previous section and further examination
[12], the surface compositions at nanodot and nanoline structures deviated from
the stoichiometry of ITO and are metal-like area in particular. Consequently, the
ITO films with a nanoline structure functioned as a grid of regular metallic wires,
which induced the movement of electron along the metallic nanolines and Joule
heating loss to block the EM wave for the case of L//P. However, the energy loss
caused by Joule heating and reflection is limited for LLP because an EM wave can-
not induce electron movement along the metallic nanolines in the same manner to
result in high EM wave transmission. Since the total area of nanoline is larger than
that of nanodot, the anisotropic optical property of the former is more critical than
the latter [12].

In summary, the fs laser-treated ITO films with the structures of nanodot and
nanoline on the surfaces possessed anisotropic optical transmission properties
(i.e., Tup> Tyyp). The fs laser-treated ITO films may be applied to optoelectronics
as the polarizing optical elements and smart window technology in the visible
spectroscopy.
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(a) The first derivative (AN/dE) of AES peaks, In (MNN), Sn (MNN), and O (KLL), measured for an
as-deposited ITO film and a fs laser-treated ITO film with a nanoline structure. The point A (outside a
nanoline) and point B (inside a nanoline) correspond to the arrows mavked in (b), the SEM image of a fs
laser-treated ITO film [12].
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5. Femtosecond laser-colorized indium-tin-oxide films for blue light
attenuation and image screening

This section further demonstrates the development of various nanostructuring
patterns on ITO films by fs laser annealing. Figure 8 presents the surface morphology
of an untreated ITO film and five laser-annealed ITO films. Table 1 summarizes the
experimental conditions and the nanostructures on the film surfaces. Differ from
the flat surface of as-deposited ITO film in Figure 8a, the UDL-1 presents a densely
cotton-like structure on the surface when the fluence of 646.1 mJ/cm” is employed
(Figure 8b). By decreasing the laser fluence to 216.7 mJ/cm’, the film has a brick-like
structure. At a low fluence of 59.6 mJ/cm?, a regular ripple structure (composed
of nano-bricks) is obtained on the surface (Figure 8f). Figure 8c—f shows all of
the ripple structures (formed by nano-bricks), which were fabricated by scanning
alaser spot along the y-axis and parallel to the polarization of laser beam. The
spatial period along the y-axis is much smaller than the wavelength of the radiation,
which is the so-called high spatial frequency LIPSS (HSFL). Usually, in transparent
materials, HSFLs are generated under hundreds to thousands of ultra-short laser
pulses [28] perpendicular to the direction of laser polarization with a fluence below
the damage threshold of materials [29]. With a scanning speed of ~12.5 pulses/pm
and a spot size of 21 pm in width, the ITO films were irradiated by about 260 pulses
at a single point. All laser-annealed ITO films obtained surface nanostructures with
HSFLs.

For sample UDL-5 in Figure 8f, the nano-bricks exhibited a length of ~250 nm
(along the x-axis) and a width of ~70 nm (along the y-axis), and they are regularly
separated by around 500 nm along the x-axis. This 500-nm-period structure,
so-called low spatial frequency LIPSS (LSFL), is parallel to the polarization of
laser beam. Usually, LSFL is observed on the surface of dielectric materials. The
spatial period can be estimated by Azl = A/, where 7 is the refractive index of

(a)

Figure 8.

SEM images showing the morphology of the ITO films before and after fs laser annealing. (a) The surface
morphology of an untreated ITO film. (b) A laser-annealed ITO film (UDL-1, fluence = 646 mJ/cm*)

with scanning along the y-axis and polarization (blue arrow) parallel to the laser line-spot (ved). (c—f)
Laser-annealed ITO films [UDL-2 (fluence = 217 mJ/cm?), UDL-3 (fluence = 197 mj/cm?*), UDL-4
(fluence = 68 mj/em?), and UDL-5 (fluence = 60 mJ/cm®)] with scanning along the y-axis and polarization
(blue arrow) perpendicular to the laser line-spot (ved) [14].

130



Nanostructuring Indium-Tin-Oxide Thin Films by Femtosecond Laser Processing
DOI: http://dx.doi.org/10.5772/intechopen.82790

Sample no. Fluence (m}/cm?) Nanostructure Color
Cotton-like structure Brick-like structure
UDL-1 646.1 \% — Cyan
UDL-2 216.7 \% \% Yellow
UDL-3 197.0 A% \% Yellow
UDL-4 677 \% \% Orange
UDL-5 59.6 — \Y Orange
Table 1.

Laser fluence and the structure formation on the coloriged ITO films.

the dielectric material, when the photon energy is smaller than the bandgap of the
material [30]. The LIPSS theory of Sipe et al. for transparent materials has also
predicted the spatial period of A,y = 4/7 that is attributed to radiation remnants
[31]. Radiation remnants could be generated at the solid/air interface by absorbing
photons from the incident radiation and then transfer to the materials at the associ-
ated spatial frequencies. Additionally, when the photon energy is smaller than the
bandgap of the material, electrons can be excited to higher energy levels by absorb-
ing multiple photons. In other words, laser provides a sufficient strong electric field
to drive the electrons to tunneling out and consequently induces the ablation on

the surface of materials. The bandgap for ITO is around 3.7 eV [32], and refractive
index 7 is ~1.60 at 800 nm [33]. Here the photon energy of the irradiated laser is
1.55 eV, so it is estimated that A, = 500 nm, agreeing well with the experimental
result for sample UDL-5.

Figure 9a shows the laser fluence dependence of the colors of laser-annealed ITO
films. The untreated ITO film exhibits purple color, while laser-annealed ITO films
become cyan, yellow, or orange, depending on the nanostructures on their surfaces.
The reflectance and transmittance spectra of all ITO films in the visible region were
measured to clarify the origin of laser-colorized ITO films. For an untreated ITO
film, the reflectance is relatively high for wavelength ranges below 425 nm and above
650 nm (Figure 9b). Thus, the untreated ITO film is purple. Intriguingly, the reflec-
tance spectra for the laser-annealed ITO films are significantly different. For high
fluence (UDL-1), the reflectance spectrum in a range of 450-600 nm is substan-
tially higher than that of the untreated ITO film, with a 2.2-fold increase at around
550 nm; meanwhile, the reflectance spectra below 400 nm and above 650 nm reduce
remarkably. Therefore, the laser-colorized ITO film of UDL-1 is cyan. When the
laser fluence reduces, the broad main peak in Figure 9¢ gradually shifts from 550 to
575 nm, and thus, the color changes from cyan to yellow and then to orange.

As shown in Figure 9d, all of the transmittance spectra for ITO films are
reduced after fs laser annealing. Interestingly, the transmittance reduction in the
region of 390-480 nm is significantly greater than that in long-wavelength region.
It is worthy of mentioning that blue light is dominated in the region of 390-480 nm,
and it has been demonstrated to cause damage to eyes [34]. Among the treated
samples, UDL-5 sample treated under low fluence offers a larger reduction in the
blue-light region and a smaller suppression in the red-light region. This study has
demonstrated that the fs laser-colorized ITO films can be directly used for LCD
displays in which the films maintain their original function as an electrode and act
as a blue light filter to protect eyes.

When laser-colorized ITO films are used in the LCD displays, the image dis-
played on the LCD can be selectively screened by varying the view angle. Figure 10a
shows the schematics for testing this concept. If the view angle 0 is close to 0 (i.e.,
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watching the panel normally), the image on the panel is normal. However, the
image on the panel is blocked by the strong reflected light with colors that depend
on view angle 6 as watching the panel obliquely (Figure 10b-e). As a result, due to
strong reflection of certain colors, the image on the panel cannot be seen. This find-
ing is potential for information security and the protection of privacy [14].
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(a) The colors of ITO films before and after fs laser annealing. (b) The reflectance (R,) and transmittance (T,)
spectva for an ITO film before fs laser annealing. (c) The ratio of the reflectance spectra for the ITO films before
(R,) and after (R) fs laser annealing. (d) The vatio of the transmittance spectra for the ITO films before (T;)
and after (T) fs laser annealing. The blue-shaded area covers the wavelengths that cause damage to eyes [14].
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Figure 10.
(a) The schematics for capturing the images in (b—e), where 0 is the view angle. (b—e) observing the image on a
screen through an untreated ITO film and a laser-colorized ITO film (UDL-5) at various view angles [14].
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6. Conclusions

In this chapter, we review the fabrications of various periodic nanostructures,
that is, ripple structures of self-organized nanodots, nanolines, nano-cottons, and
nano-bricks on the surfaces of ITO thin films after fs laser pulse irradiation. The
ITO films with surface ripple structures were successfully prepared at a fluence of
0.1 mJ/cm” and numbers of pulses from 5 x 10% to 3 x 10°, without scanning. The
fslaser-annealed ITO films exhibited a great enhancement in electrical conductiv-
ity (~30 times) due to the presence of indium-like clusters in ripple structures.

In addition, the ITO films obtained nanodot structure at a fluence of 0.1 mJ/cm?
and a pulse number of 3 x 10° and nanoline structure at a fluence of 0.2 mJ/cm” and
a pulse number of 2 x 10”. The fs laser-annealed ITO films presented interesting
anisotropic transmission properties (T,,, > T,,,) because the nanostructures func-
tioned as a metallic grid that induced the electron movement along the nanolines
and Joule heating loss to block the EM wave for the case of L//P (i.e., the direc-

tion of nanolines, L, is parallel to the polarization direction, P, of fs laser pulses).
Moreover, nanostructures with cotton, brick, and ripple forms are generated on the
surface of ITO films by controlling the laser fluences from 60 to 646 mJ/cm” and a
scanning speed of ~12.5 pulses/pm, which produce cyan, yellow, and orange colors.
These nanostructures can significantly attenuate blue light, and thus, they are pos-
sible for applications such as eye protection and information security.
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Chapter 10

Stress among the APS-Prepared
TBCs: Testing and Analysis

Zhaoliang Qu, Rujie He and Daining Fang

Abstract

Stress state in thermal barrier coatings (TBCs) has an influence on the service
property and safety of coatings. The stress in TBCs should be characterized and
measured. This is helpful for the guidance of design and preparation, the study of
failure mechanism and the promotion of application of TBCs. This chapter reviewed
the research progress on the stress measurement for air plasma spray (APS)-prepared
TBCs. The origin and category of stress during preparation process and service
were discussed. Then, the measurement technology and characterization method
for stress in APS-prepared TBCs were focused. The common stress measurement
techniques such as X-ray diffraction, neutron diffraction, Raman spectroscopy, pho-
toluminescence piezospectroscopy, curvature measurement, material removal and
indentation method were detailed. Furthermore, some suggestions were presented
for the future work by summarizing the shortcomings of the exiting research.

Keywords: air plasma spray process, thermal barrier coatings, stress testing,
stress analysis

1. Introduction

Gas-turbine engine, which is known as the heart of aircraft, covers many
leading-edge technologies in advanced manufacturing industry, and represents the
level of a nation’s science and technology. Higher thrust-weight ratio, longer service
lifetime and better reliability are regarded as the development trend for the gas-
turbine engine. Increasing the turbine inlet temperature is an important method
for increasing the thrust-weight ratio. Key technologies for increasing the turbine
inlet temperature include single crystal superalloy, air cooling and thermal barrier
coatings (TBCs) technology. Specially, TBCs can lower the operating temperature
of superalloy blade. The temperature reduction caused by TBCs is equal to the sum
of temperature rise induced by superalloy over the last 30 years. Besides, TBCs
can protect the metallic blade from oxidizing, and improve the service safety and
lifetime of the blade [1-3].

Among traditional TBCs, porous ceramics with low thermal conductivity are
prepared on superalloy substrate to achieve heat insulation effect. But the mismatch
of thermo-mechanical properties between porous ceramics and superalloy leads to
the difficulty in reliable bonding. A bond coat is necessary [2]. Thus, TBCs is a typi-
cal multilayer, multi-material system, as shown in Figure 1. TBCs mainly include
(1) the ceramic top coat, (2) the thermally grown oxide (TGO), (3) the bond coat,
and (4) superalloy substrate. The ceramic top coat usually adopts porous ceramics
to achieve heat insulation effect. The common ceramic composition is the zirconia
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The schematic of typical TBCs.

‘partially stabilized’ with about 6-8 wt.% yttria (7YSZ), which has the good heat-
insulating property and long thermal cycle life. TGO, whose composition is a-Al,Os,
is formed by the reaction between aluminum diffusing from the bond coat and
exterior oxygen. TGO can provide good bonding of TBC to bond coat. The bond
coat contains the source of elements to create TGO in oxidizing environment and
provides oxidation protection, primarily of NiCoCrAlY- or NiAlPt-based composi-
tions. The superalloy substrate, which has high strength at high temperatures, can
experience complicated mechanical loads during service [1, 2, 4].

Recently, many methods have been developed to prepare the ceramic top
coat, such as air plasma spray (APS) and electron beam physical vapor deposition
(EB-PVD) process [5, 6]. In APS process, the ceramic feedstock are injected into the
high temperature plasma plume, heated to the molten or high-plasticity condition,
impinge onto the surface of specimen with a certain momentum, and rapidly solidify.
Then the lamellar microstructures, which consist of a large number of overlapped
splats, are formed, as shown in Figure 2(a). In EB-PVD process, ingots of a ceramic
composition are vaporized in a vacuum chamber using a focused electron beam. The
ceramic vapor gradually deposit on the specimen and form columnar microstructure,
which are perpendicular to the surface of specimen, as shown in Figure 2(b).

TBCs prepared by APS process, which has lower cost, has been widely used in
the larger stationary components. However, the failure behavior such as premature
spallation of TBCs during preparation and operation process is still an overriding
concern. The premature spallation of TBCs may expose the superalloy substrate to
hot gases, resulting in the oxidization of superalloy. This may influence the service
performance, lifetime and safety of aircraft, even lead to catastrophic damage [7].
The premature spallation of TBCs mainly results from intralayer and interlayer
fractures [8]. The fracture behavior of materials is closely related to stress state.
When the stress in a material is tensile, and is larger than strength, the fracture
behavior may happen. The change of stress state is considered as the driving force
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Figure 2.
The microstructuves of TBCs prepared by: (a) APS and (b) EB-PVD.

for the initiation, propagation of cracks [9]. Besides, the stress state may influ-

ence the macroscopic properties of TBCs [10]. Specially, the microstructures of
TBCS prepared by APS process are typical lamellar microstructures. The lamellar
microstructures may not totally melt and bond each other. There are a large number
of defects such as pores and microcracks between lamellar microstructures [11].

As the defects are sensitive to stress state, the material near the defects tends to
fracture under stress, leading to the spallation of coatings. Therefore, the analysis
and characterization of stress in TBCs prepared by APS process is necessary for the
study of failure mechanism and service reliability.

This chapter reviews the research progress on the analysis and characteriza-
tion of stress among the APS-prepared TBCs in recent years. The origin, category,
measurement technology and characterization method for stress are focused. It is
believed this will be helpful for the investigation on failure mechanism, and pro-
mote the application and development of TBCs.

2. The origin and category of stress among the APS-prepared TBCs

TBCs experiences complicated loads during the preparation process and service.
Then, stress state in TBCs dynamically changes and influences the service proper-
ties and behaviors of TBCs.

2.1The origin and category of stress during preparation process

In APS process, the molten ceramic feedstock impinge onto the surface of
metal specimen, stack and form TBCs [12]. The coatings may experience violent
temperature change in the process. The mismatch of thermal expansion coefficients
between ceramics layer and superalloy may produce stress [13]. According to the
mechanism of stress generation, the stress generating in preparation process mainly
includes quenching stress and thermal mismatch stress, as shown in Figure 3.

The quenching stress is generated in the interaction process between molten
ceramic feedstock and metal specimen. In this process, the feedstock after impact
may form a lamellar structure and rapidly cool from the molten temperature to the
specimen temperature in a short time. The lamellar structure shrinks sharply due to
rapid cooling. The shrinkage of the newly formed lamellar structure is constrained
by the specimen and the previous lamellar structure, resulting in stress in the coat-
ing [14]. The constraint of the specimen and the previous lamellar structure depends
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The stresses during prepavation process of APS-prepared TBCs.

mainly on the material of the lamellar structure, the temperature of the specimen,
and the boundary shapes between the lamellar structures [15]. The existence of
quenching stress has been proven by McPherson, and the value has been measured
by Kuroda et al. It is found that the quenching stress is always tensile stress [16, 17].
Assuming that the shrinkage deformation of the lamellar structure is fully con-
strained, the resulting stress will be large, and much higher than the yield strength
or fracture strength of the material. The maximum value of quenching stress given
by the elastic mechanics analysis is about 1 GPa, while the values obtained from the
experiments are mostly below 100 MPa. This is mainly due to the existence of many
stress release mechanisms during the preparation of the coating. For example, a
large number of microcracks are generated inside and at the boundary of the lamel-
lar structure during the preparation process. These microcracks can act as important
means of stress release, reducing stress below the fracture strength [13, 18].

The thermal mismatch stress generates during the cooling process after spray-
ing. The thermal mismatch stress results from the mismatch of thermal expansion
coefficients between the ceramic coating and the metal specimen [9, 19]. In the
elastic range, the thermal mismatch stress can be estimated by:

Agy =70 (D) - ax(D)AT 1)

oy(T) = Aey, E(T) (2)

where, Aa (T) is the difference in thermal expansion coefficients between
ceramic coating and metal material, and changes with temperature. T} is the spray
temperature. T, is the certain temperature during the cooling process. oy, (T) is
the thermal mismatch stress of coatings. E (T) is the elastic modulus of coating
material. According to Egs. (1) and (2), the thermal mismatch stress is related to
the difference in thermal expansion coefficients, the spray temperature, and the
elastic modulus of the coating material. The thermal mismatch stress increases with
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increasing the difference between spray and room temperature, the difference in
the thermal expansion coefficients and the elastic modulus of the coating material
[20]. Besides, the thermal mismatch stress may be tensile or compressive stress [21].

2.2 The origin and category of stress during service

TBCs usually operate in harsh environments such as high temperatures, high
pressures, and extreme mechanical loads. TBCs may undergo chemical changes
such as oxidation and sintering, and withstand external loads such as particle
erosion and CaO-MgO-AlLO;-SiO, (CMAS) corrosion, as shown in Figure 4. The
composition, microstructure and properties may change dynamically. The stress
state may also evolve, and the internal crack may appear and propagate, leading to
the failure behaviors such as fracture, delamination and even spalling [2, 22].

During service, the aluminum element in the bond coat may continuously
diffuse to the interface between the bond coat and the TGO, and react with oxygen
entering from the external environment to generate a-ALO;. In this process, TGO
gradually grows thicker. Due to the constraint of the upper ceramic top coat and
the lower bond coat, the volume expansion caused by the thickening of TGO is
limited. A large compressive growth stress in TGO thereby generates [23]. Besides,
the thermal expansion coefficient mismatch of the various layers may also produce
high residual compressive stresses in TGO during cooling from the service to room
temperature. It is found that the compressive stress in TGO can reach 3-6GPa at
room temperature [24]. TGO is subjected to large in-plane compression, and tends
to undergo elongation or bending deformation in order to release stress. At high
temperatures, the plasticity of the bond coat will increase, and creep even may
occur. In addition, there are usually many defects at the interface between the
ceramic top coat and TGO. During service, TGO may have an out-of-plane dis-
placement into the bond coat at these defects. The compressive stress in TGO may
release, resulting in redistribution of stress. The out-of-plane displacement may
cause out-of-plane stress in TBCs, leading to crack initiation, crack propagation,
and eventual delamination damage [2, 4, 25]. The stress evolution in TGO plays
a crucial role in the TBCs failure, and is one of the most important incentives for
delamination failure [26].

When TBCs operate in high temperature environments, the ceramic top coat
material may sinter. The sintering may cause the voids between the sheet structures
and the cracks in the sheet structures to heal, resulting in a significant increase in
the stiffness of the ceramic top coat. The changes in the mechanical properties may

Phase
Particle erosion  pransformation Sintering CMAS atack

i—::;_’ Lamellar

Figure 4.
The factors affecting the stress among APS-prepared TBCs during service.
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lead to the change in residual stress. Particularly, the thermal mismatch stress may
increase with increasing the modulus, thereby promoting the occurrence of failure
[27]. When the temperature is higher than 1200°C, the non-equilibrium metastable
phase of 7YSZ may transform into tetragonal phase and monoclinic phase. Large
volume deformation may occur in the process of transforming into monoclinic
phase, leading to the change in the stress state of TBCs [2].

In some service areas, such as Middle East, silicon-containing debris may enter
the engine and melt on the concave (hot side) of the blade. The main component of
the melt is CaO-MgO-Al,0;-Si0,, which is called CMAS [2, 28]. When the surface
temperature of TBCs exceeds the melting point of CMAS (1240°C), CMAS will
infiltrate into the microcracks and voids in TBCs and chemically react with the
ceramic top coat material. During the shutdown process of the engine, the ceramic
top coat after CMAS infiltration will quickly solidify into a dense layer. The strain
tolerance of the top coat will decrease, and the stiffness will increase, increasing the
thermal mismatch stress in TBCs [28, 29].

Besides, solid particles in air may also enter the engine, impacting TBCs at high
speed during service. The erosion of high speed particles may change the stress state
in TBCs [30]. The erosion of the particles produces tensile stress in certain regions
of TBCs. Defects such as sheet-like structural interfaces and microcracks in these
regions may develop into macroscopic cracks under tensile stress. And macroscopic
crack propagation will eventually lead to the spalling of TBCs [31].

3. The measurement technology and characterization method for stress
among the APS-prepared TBCs

The stress plays an important role in the failure of the APS-prepared TBCs. It is
important to test and characterize the stress. Up to now, various testing techniques
and characterization methods for stress among the APS-prepared TBCs have been
developed. According to the working principles, the methods can be divided into
physical and mechanical testing methods.

3.1 Physical testing methods

In the physical testing methods, the information obtained from the interac-
tion (including diffraction, scattering, etc.) between electromagnetic or particle
radiation and the material is used to evaluate the stress distribution in the mate-
rial. The common physical testing methods mainly include X-ray diffraction,
neutron diffraction, Raman spectroscopy, photoluminescence piezospectroscopy
and so on.

3.1.1 X-ray diffraction (XRD)

The stress in the coating may cause the crystal plane spacing to change. When
X-ray are incident on the coating at different angles, the diffraction angle changes
with the incidence angle, which results from the change in the crystal plane spacing.
And the change value is related to the stress [32]. In XRD method, X-rays are inci-
dent on the surface of the coating at different angles several times, and the changes
in the diffraction angle value 20 are measured, as shown in Figure 5 [18]. The stress
o can be obtained by calculating the slope of 20 versus sin2y, as follows:

d(20)
=K 3
° d(sin®y) )
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The schematic diagram for measuring stress by XRD.

where, y is the angle between the normal direction of the diffraction crystal
plane and coating surface. K are elastic constants.

XRD, as a fast and reliable non-destructive testing technology, has no specific
requirements on sample size and shape and is suitable for micro-area stress mea-
surement. It has been widely used in the testing and characterization of stress
among TBCs. XRD has been used to study the stress evolution in the ceramic top
coat and bond coat after operating at different conditions [33-35]. Meanwhile, Xiao
et al. studied the stress evolution of the bond coat during oxidation at 1150°C for
different time based on XRD. It was found that the stress in the bond coat mainly
generated during the process of cooling from 1150 to 600°C. This may be due to that
the § phase deposition during cooling changes the volume of the bond coat [34, 35].

Although XRD has been widely used to test stress among TBCs, the penetra-
tion depth of X-ray generated by laboratory sources is limited to only a few tens of
microns. And the thickness of the coating ranges from 300 to 500 pm. Thus, XRD
can only measure the stress state of the near surface zone and not characterize the
stress state deep inside TBCs [36].

In order to overcome the problem for small penetration depth of X-ray generated
by laboratory sources, synchrotron radiation XRD has been developed. The X-ray
generated by synchrotron radiation source is used to test the stress deep inside the
material. Comparing with the X-ray generated by the laboratory source, the pen-
etration ability is greatly enhanced [19]. The composition of the local phase and the
stress deep inside the thermal spray coating were determined by synchrotron radia-
tion XRD [36]. However, the synchrotron radiation device with the large size, high
cost, limited machine time is difficult to promote in the laboratory. The application
of synchrotron radiation XRD is limited.

3.1.2 Neutron diffraction

Neutrons with a strong penetrating ability (up to a few tens of millimeters), can
penetrate through most materials. Neutron diffraction can be used to measure stress
deep inside TBCs, whose principle is basically similar to XRD. The stress distribution
in the depth direction of the coating was studied by neutron diffraction. The influ-
ence of various operation conditions on the stress distribution was discussed [37, 38].
Neutron diffraction is also suitable for measuring the stress in a large specimen and
obtaining the average stress inside the specimen. However, during neutron diffrac-
tion testing, the position of the surface with respect to the neutron beam must be
accurately known. The ‘center of gravity’ of a near-surface gauge measurement vol-
ume must be calculated. A correction may be required to allow for any pseudostrain
effects. Besides, sufficient data are difficult to obtain in a limited time using a weak
neutron source, and a special strong neutron source is generally required [38].
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3.1.3 Raman spectroscopy

When the laser with a certain frequency is incident on the material, the mol-
ecules in the material absorb part of the energy, vibrate in different ways and
degrees, and scatter light with a lower frequency. This phenomenon is called Raman
scattering. After the incident photons collide with the molecules, the vibrational
energy or the rotational energy of the molecules and the photon energy superim-
pose each other to form a Raman spectrum. When there is stress in the material,
some stress-sensitive bands may move and deform relative to the stress-free state,
and the position of the spectral peak also may move, as shown in Figure 6 [39]. It
is found that there is a linear relationship between Raman frequency shift and the
stress. The frequency shift of the spectral peak can be expressed as:

where, []; is the piezospectroscopic tensor, which represents the stress sensitiv-
ity of Raman band. ¢;; refers to the stress tensor. Aw = w;-w,, with o, being the peak
position of the stress-free state and w, being the peak position of the stressed state.
Then, the stress value can be obtained by measuring the positions of the Raman
spectrum peak when the material is stressed or not.

Raman spectroscopy has been widely used to test and characterize stress among
APS-prepared TBCs [40]. It is well known that stress in TBCs is inevitably gener-
ated during the preparation process. Therefore, it is difficult to obtain a TBCs
specimen coated on the substrate in a stress-free state. Generally, a TBCs specimen
without the substrate is chosen as a test piece for stress-free conditions. First,
the laser with a certain frequency is incident on the TBCs specimen without the
substrate to obtain a Raman spectrum (labeled as spectrum 1) corresponding to
a stress-free state. Then, a known external stress is applied on the TBCs specimen
without the substrate, and the measured Raman spectrum is labeled as spectrum 2.
By comparing the spectrum 1 and 2, the piezospectroscopic tensor of TBCs can be
obtained according to Eq. (4). Finally, the laser with the same frequency is incident
on the TBCs specimen with the substrate, and Raman spectrum, which is labeled
as spectrum 3, is obtained. By comparing the spectrum 1 and 3, the stress state in
TBCs with the substrate can be evaluated combining the piezospectroscopic tensor
obtained above [39, 40].

Intensity

Stress-free

1 Compressive
stress

Tensile

slress

wy-Aw gy wytho Raman shift

Figure 6.
The schematic diagram for measuring stress by Raman spectroscopy.
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TBCs is generally constructed of porous structures for thermal insulation. When
the laser is incident on the porous region, the signal intensity will decrease rapidly
due to the optical focus limitation of the instrument. In order to reduce the occur-
rence of the above phenomenon, the incident position of the laser is set in the dense
region to obtain the maximum signal intensity, thereby reducing the influence of
voids and cracks [40]. Raman spectroscopy, as a non-destructive, non-contact stress
testing method, has many advantages such as high spatial resolution, large spectral
range, and so on. Besides, it can measure the stress in the depth direction by adjusting
the focusing parameters. However, Raman spectral peak shift is susceptible to exter-
nal factors such as focus depth, laser heating effect, temperature stability, and so
on. And high precision is difficult to achieve without effective calibrations. Besides,
as the spot of the laser is generally small to obtain high intensity, it is impossible to
measure the stress in a large area. Only local stress information can be obtained.

3.1.4 Photoluminescence piezospectroscopy

Since the TGO (mainly composed of a-Al,O;) usually contains a trace amount of
Cr*, the ion may generate fluorescence under laser excitation, and its characteristic
fluorescence spectrum is bimodal R; and R,. Similar to the Raman spectroscopy,
stress can also lead to changes in the peak frequencies of R; and R, spectrum.

The stress value in the TGO can be obtained by measuring the change in the peak
frequency of the fluorescence spectrum under stress. The above method is called as
photoluminescence piezospectroscopy [41, 42].

Up to now, photoluminescence piezospectroscopy is mainly applied to the
EB-PVD prepared TBCs. The laser easily penetrates the columnar crystal structure,
and the reflected signals are strong. However, the scattering of pores and grain
boundaries in the APS-prepared TBCs may weaken reflection signals and make it
difficult to perform spectral analysis.

3.2 Mechanical testing methods

In the mechanical testing methods, the mechanical information such as displace-
ment and strain of the coating system under certain operating or external excitation
conditions is measured. Based on the theoretical model, the stress distribution in
the coating can be evaluated. The common mechanical testing methods include
curvature measurement, material removal, indentation and so on.

3.2.1 Curvature measuvement method

During the preparation process or service, the deformation of the coating is
limited by the substrate, and an interaction force is generated between the sub-
strate and the coating. Meanwhile, a bending moment appears to bend the overall
structure, and curvature occurs to balance the stress in TBCs. The curvature of the
substrate is measured by optical or mechanical methods. By analyzing the change
in the curvature of the substrate, the stress evolution of TBCs can be derived.

The curvature measurement method was first proposed by Stoney [43] and later
applied to APS-prepared coatings. Kuroda et al. [44] developed an in-situ curva-
ture monitoring method. In this method, the stress evolution of TBCs during pre-
heating, spraying and cooling process were monitored. The quenching stress during
the spraying process and thermal mismatch stress during the cooling process were
obtained, as shown in Figure 7. In the spraying process, the thickness of the coating
gradually increases, and the curvature of the substrate also changes continuously.
According to the equilibrium conditions, the quenching stress can be calculated.
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Figure?7.
The schematic diagram for measuring stress by curvature measurement method.

In the cooling process, the thermal mismatch strain between the coating and
substrate changes the curvature of the substrate. Then, the thermal mismatch stress
can be estimated. Besides, the complicated service loads also lead to the change in
the curvature of the substrate. The stress evolution in service can also be obtained
by the curvature measurement method [20, 39, 45].

In the curvature measurement method, the substrate deformation of the single
point or multiple points is measured by the displacement measurement method.
According to the geometric relationship, the curvature is calculated. The stress
value can also be obtained based on the equilibrium equations. There are two key
problems in the curvature measurement method: one is the accurate measurement
of deformation, and the other is the accurate calculation of stress.

Many methods have been developed to measure the deformation, mainly includ
ing contact measurement and non-contact measurement method. In the contact
measurement method, the deformation at specific point is measured by the high-
precision contact displacement sensors, such as extensometers, linear variable dif-
ferential transformer and so on [46, 47]. In the non-contact measurement method,
the deformation of the substrate is measured by a non-contact displacement mea-
suring device, such as laser displacement sensor, optical microscope, CCD camera,
and so on [48, 49]. For example, during the measurement of deformation by a laser
displacement sensor. The laser was incident on the surface of the curved substrate.
And deformations at regular intervals were measured. Since the deformation (a few
microns) was much smaller than the length of the specimen (a few centimeters),
the contour of the substrate was approximated as a parabola or arc. The deformation
values were fitted to a parabolic or circular equation according to the least squares
method. The curvature of the specimen was calculated based on the above equa-
tions. This method has higher accuracy compared to simply measuring the deforma-
tion of the middle or end position of the specimen [48].

Once the curvature of the substrate is determined, the stress distribution in the
coating can be determined according to the equilibrium equation. The relationship
between the curvature and stress of film established by Stoney has been widely used
in the stress measurement of film system [43]. However, for thicker coating and mul-
tilayer film system, the application of the above relationship is controversial. Clyne

1
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et al. proposed a two-layer beam (or plate) bending model [14]. The relationship
between the curvature change Ax and the coating average stress o, can be given by:

KE}h;‘ + 4E.Ehlh, + 6E.Eh2h} + 4E.Eh.h} + E2h}

=A
Or 6h,(1 - v) Ehy(h, + hy)

)

where, E, and E; are the modulus of the coating and substrate, respectively. /.
and /; are the thickness of the coating and substrate, respectively. v is the Poisson’s
ratio of the coating. During the preparation process and service, the material prop-
erties change with temperature. Clyne et al. considered the influence of tempera-
ture on the material properties and obtained more accurate stress values. In order to
measure the curvature accurately, test specimens with regular shape such as beam
shape and plate shape are chosen in the curvature measurement method. The stress
measurement of the test specimens with irregular shape was limited. Besides, the
average stress of the coating is obtained from curvature measurement results. More
stress information inside the coating is difficult to get.

3.2.2 Material removal method

In the material removal method, the stress state is obtained by monitoring the
strain change at a specific position before and after removing the material. The
common measurement methods for APS-prepared TBCs include hole-drilling and
layer-removal method.

3.2.2.1 Hole-drilling method

In the hole-drilling method, some of the stress-bearing material is removed by
drilling holes in the surface of the material. The stress in the remaining material will
be redistributed, resulting in a change in the shape of the circular hole. The defor-
mation of the remaining material near the circular hole is measured by strain gauge
rosette. The strain distribution can be calculated according to analytical models,
and stress distribution can also be estimated [50]. In order to accurately measure
the strain change caused by drilling, a specially designed strain gauge rosette is
arranged around the drilling point, and the center of the strain gauge rosette should
coincide with the drilling point. By analyzing the stress state at the circular hole, the
strain measured by different strain gauges can be expressed as:

&€= A(Gmax + Omin) + B(Opax = Omin) COS(Z(){,-) (6)

where, A and B are calibration coefficients, which are related to parameters
such as elastic modulus, Poisson’s ratio, and radius of the hole. 6,,,, and o,,;, are
maximum principal and minimum principal stress, respectively. ¢; is the angle
between the axis of strain gauge and the principal stress axis. By measuring the
strains in different directions around the circular hole, the maximum principal and
the minimum principal stress at the circular hole can be calculated by Eq. (6). Then
the stress state at the circular hole can be estimated. It is worth noting that only
when the hole is a through hole and the stress distribution is uniform, A and B have
analytical solutions. There are only numerical solutions in the case where the hole is
a blind hole or the stress distribution is non-uniform.

As the stress distribution among the APS-prepared TBCs is not uniform, it is
recommended to gradually measure the stress distribution in the thickness direction
with the incremental hole drilling depth. Then, the drilling method can be devel-
oped to the incremental hole drilling method. In this method, the drilling process
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is performed in the form of a small step at a time, and the strain changes caused by
each step can be recorded by the strain gauges. It is found that after the first drilling
step the measured strain changes were affected by both the current and previous
small drilling steps [17, 51, 52]. Meanwhile, the calibration coefficients A and B are
also related to the drilling depth increment.

Many theoretical studies have been conducted on the incremental hole drilling
method. Among them, the integral method can accurately obtain the stress distribution
at each drilling step, accounting for the influence of the current and previous small
drilling steps. Thus, the integration method is particularly effective for non-uniform
stress distribution, especially when the stress changes abruptly with thickness. The stress
gradient in the thickness direction can be calculated [53, 54]. However, it is not easy to
analyze strain data by the integral method. Numerical methods are usually required.

A general method for calculating calibration coefficients based on the finite element
method was developed, and the calibration coefficients were obtained accurately [55].

It is worth noting that the above theories are mostly based on the linear elastic
model. But the coating may undergo plastic deformation or cracking damage during
the drilling process. The stress value calculated by the above theories may deviate
from the true value.

3.2.2.2 Layer-removal method

Similar to the hole-drilling method, the layer-removal method also measures
the strain change caused by the material reduction to analyze the stress state of the
material. But the layer-removal method mainly removes the coating material of a
specific thickness by mechanical methods such as grinding and polishing or chemi-
cal methods such as corrosion. The physical or mechanical testing methods are used
to measure the strain change at a specific position of the remaining material. Then
the stress state in the coating can be evaluated [56, 57].

Similarly, if plastic deformation or damage occurs during the removal of the
coating material, the linear elastic assumption in the theoretical analysis will no lon-
ger be suitable. Besides, it is difficult to remove the same thickness of material each
time, especially when the specimen has deformed before the removal of material.

3.2.3 Indentation method

The indentation method, as a common micro-scale mechanical testing method,
has been widely used to study the stress in the material. The indentation method
mainly includes the nanoindentation and indentation fracture method.

3.2.3.1 Nanoindentation method

It is found that the stress in the materials may lead to the change in the load-
displacement curve obtained from the nanoindentation tests. In the indentation
method, the tensile stress in the material increases the indentation depth (when
the indentation load is chosen) or decreases the indentation load (when the
indentation depth is chosen). The compressive stress in the material decreases the
indentation depth (when the indentation load is chosen) or increases the indenta-
tion load (when the indentation depth is chosen), as shown in Figure 8. Then,
an indentation method was proposed by Suresh et al. to measure the stress in the
materials [58].

Assuming that the stress in the material is an equal-biaxial state, the relationship
between the contact area A, in a stress-free state and the contact area A under the
stress og can be obtained based on the superposition principle, as follows:
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-1

s 2

where, H is the indentation hardness. a is the angle between the cone surface
of the equivalent conical indenter and the surface of the material (for the Vickers
indenter, a = 22°; for the Berkovich indenter, a = 24.7°).

In the nanoindentation method, indentation tests are conducted on the coating
material in the stress-free and stress state, respectively. After indentation load is
chosen, the contact areas in the loading stage under the stress-free and stress condi-
tions can be obtained from the load-displacement curves. Then the stress in the
material can be evaluated according to Eq. (7) [9, 59, 60].

Two kinds of coating materials corresponding to a stress-free and stress state
are required in this method. As mentioned earlier, it is difficult to obtain a TBCs
specimen coated on the substrate in a stress-free state. Besides, the nanoindentation
method usually has high requirements on the surface quality of the material. But the
APS-prepared TBCs is mostly porous, which limits the application of the nanoin-
dentation method.

3.2.3.2 Indentation fracture method

In addition to the elastic-plastic behavior of materials, the indentation method
can also be used to study the fracture behavior. When the indentation load is large
enough, the stress intensity factor will be larger than the fracture toughness of the
material, and the fracture will occur, as shown in Figure 9. The fracture toughness
of the material can be calculated based on the critical conditions. The stress inten-
sity factor K; in the stress-free state can be expressed as:

1/2

K=5(£) £ (8)

4

where, § is a geometric parameter, which is related with the shape of the
indenter. E and H are the modulus and hardness of the material, respectively. P is
the indentation load. ¢ is the average length of the cracks induced by indentation.

P A
a® s Stress-free
= A b
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Figure 8.
The schematic diagram for measuring stress by nanoindentation method.
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Figure 9.
The schematic of indentation fracture.

The stress in the material may influence the critical load corresponding to
the occurrence of facture. Tensile stress promotes the initiation and propagation
of cracks. When the stress in the material is tensile, the critical load decreases.
Compressive stress inhibits the initiation and propagation of cracks. When the
stress in the material is compressive, the critical load increases. Assuming that the
stress o, in the coating is uniform, the contribution of stress to the stress intensity
factor K, can be expressed as:

K, = wo,VE(2 - Vt/c) )

where, £ is the thickness of the coating. y = 2/4/x is crack geometric parameter.
Based on the superposition principle, combing Eq. (8) and (9), the total stress
intensity factor K can be expressed as:

1/2
K=5(E) L:+2v04" - yot/c'? (10)

C3/2

When the stress intensity factor is larger than the fracture toughness K¢ of the
material, the fracture will occur. According to the critical conditions, Eq. (10) can
be rewritten as:

12
P _ Kic - 2Xy/o'rt + (q/O'rt)C_llz (11)

C3/2
where y - 5 &/m"”.

According to Eq. (11), there is linear relationship between P/c** and V2 yot
and K;c-2yo,t" represent the slope and intercept, respectively. Therefore, the
indentation fracture tests under different indentation loads need to be conducted.
The crack lengths under different indentation loads are measured. By linear fitting,
the slope and intercept values can be obtained. Then the residual stress and fracture
toughness of the material can be evaluated [61]. The indentation fracture method
has been successfully used to measure and analyze the stress in ceramic top coat
and at the interface between the ceramic top and the bond coat. [33, 62]. Besides,
the indentation fracture method has also been extended to the high temperature
environments. The stress evolution behavior at different service temperatures was
studied [63].

AsTBCs is a porous non-uniform structure, the process of inducing cracks by
indentation is random. The cracks are susceptible to microstructures such as voids,
and the data are discrete, which provides difficulties for subsequent data analysis.
Generally, a large of experiential results is required.

3/2
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4, Conclusions and future directions

Up to now, many testing techniques and characterization methods for stress
among APS-prepared TBCs have been developed. The stress in the ceramic top coat,
TGO and bond coat under various operating conditions were obtained. However,
some topics, such as the measurement of the stress deep inside TBCs, the in-situ
evaluation of the stress among TBCs applied on the profiled blade, and the real-time
monitoring of the stress among TBCs under the complicated service environments
have yet to be further studied. Thus, for the testing of stress among APS-prepared
TBCs, the following aspects should be considered in the future:

1. The APS-prepared TBCs has complicated microstructure, and internal stress
distribution is non-uniform. Existing laboratory testing techniques only
non-destructively measure the stress state of the near surface zone. In order to
non-destructively measure the stress deep inside the coating, large scientific
equipment is required, which has a lot of limitations. It is necessary to further
develop the non-destructive testing technology and characterization method of
the stress deep inside the TBCs to realize the analysis of the stress in all zones.

2. The existing testing specimens for the measurement of stress among TBCs
are mostly custom-made regular shape specimens and generally cut from
the actual profiled blade. The cutting process may affect the stress inside the
coating. Besides, the change in the shape of the substrate may also affect the
stress in the coating, resulting in the measured stress deviating from the actual
stress. Thus, it is necessary to develop testing techniques for the stress among
the TBCs coated on profiled substrate. Special attention should be given to a
portable testing instrument for in situ non-destructive stress measurement.

3. The existing testings on stress among the TBCs are mostly conducted at room
temperature. The residual stress states in the TBCs were obtained. However,
TBCs usually operates under high temperature oxidation environments, and the
stress state is different from that at room temperature. The testing and charac-
terization of stress under high temperature oxidation environment are also of
great significance for the failure mechanism analysis of TBCs. It is necessary to
develop testing techniques and characterization methods for the stress among
TBCs under high temperature oxidation environments. The study on real-time
monitoring of stress among TBCs during service should be conducted.
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