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Indentation Fracture Toughness of Nanostru

Abstract

Al,05-13% TiO, nanostructured coatings, deposite golomera anoparticles as feeding powders, were
patings by means of depth sensing indentation.
1on. The relevance of the nanostructure was
analyzed. Substantially improved behavig ¢ nanostructured coatings. Increments close to 40% in
such as crack deflection by the microstructural features

ess of coatings can be up to 50 % lower than that corresponding to ceramic bulk
pcular, alumina coatings exhibit a significant drawback regarding its brittleness.

enhances the adherence, porosity and, finally, the fracture toughness of the coating.
The small volume of samples limits the use of conventional techniques to measure the coating fracture
toughness. Indentation methods have been extensively employed to extract this property but there exist
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several difficulties to obtain a coherent measure. Due to the heterogeneous microstructure of thermal
spray coatings, observed crack patterns do not completely match to those necessary to apply equations
developed in the literature.

There are several works focused on the fracture toughness of alumina — titania coatings. The addition
of titania to alumina coatings improves their fracture toughness due to its minor melting point. The crack
propagation resistance of the coating increases with the plasma gun because more dense coatings are
obtained [3 — 5]. Jordan et al. studied the crack propagation resistance of conventional and nanostructured
alumina — titania coatings [6, 8 — 10] deposited by atmospheric plasma spray. They found that

increase as the energy does. The interaction between cracks and microstructural features 4
in conventional and nanostructured alumina — titania coatings. In the conventig

deflection mechanisms observed, but also depending sidual stress&” developed inside the
material during the cooling stage at plasma spray proc Analytic odels are used to analyze the
toughening effects observed in the nanostructured coating

2. Materials and Experimental

2.1 Materials

AlL,0;3;-13 % TiO, coatings g el by atmospheric plasma sprayed were studied
Conventional coatings were Jfal§ cial powder METCO 130 provided by SULTZER
METCO™. The average i

Nanostructured A oatings were prepared from agglomerates, supplied by

"™ " The agglomerates, comprlsmg nanometrlc particles

wder was in the particle size (average dlameter of 30 um) and the
» and CeO,. These powders can be projected using conventional

’ prepared in plan view from the as-sprayed coatings. Depth-sensing indentation tests
ied out using a diamond Berkovich indenter with a nominal edge radius of 100 nm. The
al device was a Nanoindenter XP (MTS System Co.) equipped with a high load modulus. The
nanomd ter applies a load via a calibrated electromagnetic coil with a resolution of 50 nN. The
displacement of the indenter was measured using a capacitive transducer with a resolution of 0.01 nm.
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To differentiate the values of indentation fracture toughness between microstructural features, K., a
matrix of indentations (10 x 15) was made on a representative area of the sample. A maximum load of 1
N was applied, which is large enough to induce fracture around the imprint. The distance between the
indentations was maintained at 20 pm. The usual procedure for determining the indentation fracture
toughness [39] cannot be applied unless a regular crack pattern is developed. Unfortunately, a regular
crack pattern did not develop with the nanostructured and conventional samples. Therefore, the
indentation fracture toughness was calculated by following the method described in [40]. The coating
failure is associated with pop-in events that appear as discontinuities in the loading curve. T}
dissipated energy, Uy, can be derived from the difference between the experimental
hypothetical curve that is obtained in the absence of failure. After the indentation tests, th
Ay, around the residual imprints was measured with SEM. Finally, the indentation fra,
of the coating was calculated using the following equation:

P EU,
¢ 2
il -V 5A &
E and v are the Young’s modulus and Poisson’s ratio of the coati¥g, res ely. A Poisson’s ratio of

0.28 was used for all coatings.

3. Results

A detailed description about the microstrucg
previously presented in [6-16]. In the same wa godulus and hardness of these materials, and
their relation to microstructure were extenswely B For convenience of the reader, a brief
summary of the microstructure has bee ; ostructure of the coating fabricated from
nanopowders consists of two main Splats formed by deposition of individual molten
droplets generate a lamellar ful M) which is typically obtained when thermal
projection techniques are used. 3. st 0 elted (PM) zones corresponding to the deposition
of semi—molten droplets retgai na nanoparticles of the starting powders were also
included in the coating. and composition of the conventional coating, dep051ted from
standard micrometric is si
morphology, typical j ngs, is clearly observed in figure 1b.

and conventional coatings was

arried out using fracture toughness values that were measured from the
ed on the coatings. The fracture toughness histogram is presented in Figure
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acture toug¥ness of the coatings. a) Nanostructured. b) Conventional.

structure of the nanostructured coating seems to be responsible for the
ture toughness. Traditionally, the toughening mechanisms encountered in ceramic
gparc: crack deflection by tough particles, crack bridging by ductile particles, crack
compressive residual stresses due to the manufacturing process and toughening
pations found in some ceramic materials such as ZrO,. The high temperatures experienced by the
b during plasma spraying, the subsequent fast cooling and the difference between the thermal
expansion coefficients between the matrix (FM region) and the reinforcement (PM particles) induce
compressive stress fields around the spherical particles which can affect the crack propagation. A model
for the toughening increment by compressive residual stresses, AKgs, was proposed by Evans et al. [17]
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and also by Cutler and Virkar [18]. The model is based on a stress intensity factor solution by Tada et al.
[19] for a semi—infinite two dimensional crack with a compressive stress zone of intensity q and length
2a. During the cooling stage, the compressive thermal residual stresses in the matrix are generated when
the thermal expansion coefficient of the matrix exceeds that of the particle. Taya et al. modified this
model to include the regular distribution of the particulate in the material [20]. The model, dependent on
a, b, the inter-particulate spacing, and the local residual compressive stress around the spherical particle,
q, can be expressed as follows:
2-(h-2a)
z

AK s =2q

To estimate the compressive stresses an elastic model is used. If it is assumed t
reinforcement exhibit elastic behaviour, then the residual thermal stress field be
particles can be calculated. The maximum compressive stress corresponds to:

o2z

where:

_ (am —ap)~AT~Em 5)

1_ m

+(1—21)p)-§”7

fficients of matrix (y — ALO;), o, and
ollowing data have been taken from the
1sson coefficients for matrix, vy, , and particle, v,
asy to estimate the temperature increment, AT,

To use the last equation, values for the the
particles (75% a—A1203 and 25 % y-AL03), a, ar
literature: a,=7,9 10° K" and a,, = § )
, were considered to be 0,28 in j3
because of the temperature gradg
nanostructured coating, th ¥ined between the melting point, T, of the two
components AL,O5 (T, ~ N (T, ~2123 K).. However, many authors have pointed out that
residual stresses are n
that if temperature i % of th®melting temperature, the material is able to accommodate the
residual strain henomena. Below this temperature, residual stresses due to the
mismatch b n coefficients are generated. In addition, if particles are not

ching of the liquid melt of the matrix leads to additional compressive
to the toughening mechanism described here. Taking into account this
computed as the difference between the 50-70 % of the mean temperature
during the plasma spray, and the room temperature, giving the range AT ~ [-810, -
Mations (4) and (5), it is possible to calculate a range for the maximum compressive
47] MPa. If these values are introduced in equation (3) together with the values of @ and
used, a toughening increase range is then obtained, AKyg = [0.62, 0.96] MPa m"?. This result
¥ experimental differences observed between Fully Melted zones in the nanostuctured coating
and conventional one.
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4. Conclusions

Indentation fracture toughness of Al,Os—13% TiO, plasma sprayed nanostructured and conventional
coating was analyzed. A significant increase in indentation fracture toughness is observed in
nanostructured coatings due to its hierarchical microstructure and to the role played by the partially
melted particles. These particles operate as obstacles to the crack propagation. The main toughening
mechanism has been identified: residual stresses field due to mismatch between the coeffies of
thermal expansion of matrix and particulates. An analytical model was applied and a go
with experiments was observed.
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