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Abstract Fracture toughness measurements are critical for
materials design and characterization but can be difficult to
perform on overlay coatings due to a range of geometric
factors and substrate constraints. Thermal spray (TS)
coatings bring additional complications to measurement
interpretation due to their defected, anisotropic structures.
Toughness of free-standing coatings has been studied in the
past, and literature results indicate promise in measurement
with a range of methods. One of these, single-edge, not-
ched beam (SENB) method offers a straight forward
approach for measuring fracture toughness and lends itself
well for use with TS coatings. In this work, SENB method
is used with deliberate modifications to specific parameters
of the test specimens, namely free-standing thickness,
notch depth, notch sharpness, and heat treatment state, to
ascertain the impact of these modifications on the mea-
surement results for air plasma spray Al,O;. Additionally,
two methods adapted from the literature, a modified
adhesion method and a tensile elongation method, are
evaluated for use with three different Al,O3 coatings,
including by air plasma spray, flame spray, and high
velocity oxy-fuel processes. Results indicate good corre-
lation between SENB and the modified methods for all
three coating variants and give insight into the orientation-
dependent toughness properties of TS coatings.
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Introduction

Ceramics, glasses, and ceramic composite materials have
been used across various industries and have seen numer-
ous advances with regard to materials versatility, process-
ing, and applications for structural and functional uses (Ref
1). Ceramic materials are notable for their potential high
stiffness and strength, but also their lack of plasticity and
propensity for brittle failure linked to internal flaws (Ref
2, 3). This can be overcome to some extent through cre-
ative material design. There are a range of bio-materials
and ceramic composites which use advantageous engi-
neering, orientation/layering, and hierarchical structures to
achieve increased damage tolerance (Ref 4, 5). Damage
tolerance in this context can be described as the ability to
limit or arrest crack propagation despite the presence of
internal defects or flaws within the system, often origi-
nating from the material’s formation or processing. These
defects can manifest as internal crack origination sites or as
internal stress concentration points.

Measurement of a crack and characterization of its
propagation can be inherently difficult. A variety of tech-
niques have been developed for measurement of crack
growth resistance and fracture toughness, but often are
narrow in scope and limited to a specific material or
material class. Different methods focus on distinct orien-
tations, geometric factors, and size constraints, and as such
there is no “one size fits all” test. This can introduce
challenges when more broadly comparing material mea-
surements. For this reason, measurement methodology is
critical. For example, indentation methods for measuring
fracture toughness are sometimes applicable for use with
dense glassy materials. However, there is a strong con-
sensus in the literature that these measurement methods are
inadequate for many other materials, including porous
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materials and those containing high levels of internal
cracking and defects, such as thermal spray coatings (Ref
6).

Generally, the governing equations for fracture tough-
ness methods assume linear-elastic, isotropic material
behavior. In bulk materials, crack propagation is more
likely to occur at intra-granular sites or along grain
boundaries, depending on the material’s intrinsic qualities
and loading conditions. TS coatings have additional
structural implications due to splat-based material buildup,
which can act as new initiation sites and pathways for crack
propagation. This multitude of potential initiation sites can
have implications on the toughness measurement. Addi-
tionally, the rapid solidification and quenching splats
experience during deposition can result in fine grain
structures and tensile residual stresses, the latter which can
augment the driving force for crack growth.

The high level of anisotropy found in TS materials also
implies a strong dependency on orientation when measur-
ing material properties. Quantifying sample orientation,
mode of failure, and crack propagation direction is critical.
For example, delamination failure in TBCs typically occurs
within the coating, above the thermally grown oxide (TGO)
layer, parallel to the interface and the underlying substrate
(Ref 7). For that application, in-plane orientated toughness
(where crack propagation is parallel to the substrate) is the
critical property to measure. Out-of-plane toughness,
measured with crack propagation orthogonal to the sub-
strate would not directly relate to the understood failure
mechanism in that TBC system. This orientation depen-
dence has been evaluated to some degree in the recent
literature, for example by Choi et al. (Ref 8) who looked at
mode mixity and the implications of different fracture and
failure modes of crack propagation in APS coatings and by
Smith et al. (Ref 9) who performed direct measurement of
toughness dependent on anisotropy in thick YSZ coatings.
Both offer unique assessment of orientation and anisotropic
behavior, but do not represent a full field assessment a wide
range of TS structures. Other single orientation toughness
measurements have been performed on TS coatings in the
literature, but their complexity can limit wide-scale usage
(Ref 9-12). In fracture toughness testing of TS materials,
one of the largest challenges is sample fabrication. Stan-
dardized fracture toughness methodologies often call for
specimen geometries that differ from what is approachable
with typical TS deposition techniques. TS coatings gener-
ally have a thickness ceiling of ~ 2 mm. This is sufficient
for out-of-plane testing; however, this thickness limitation
makes in-plane toughness measurement difficult. Even
after fabricating a coating of sufficient thickness, delami-
nating the coating from the substrate (either by dissolution
of the substrates or through mechanical means) has the
potential to alter the material’s physical structure.

Bend testing offers relative ease of sample fabrica-
tion, test preparation, and interpretation of the results.
Both three- and four-point variants can be used with a
range of pre-crack notch geometries, including single-
edge notched beam (SENB) and chevron notch geome-
tries. These methods have been successfully used in the
past with TS materials (Ref 8, 9, 13, 14). The notch and
pre-crack geometries induce a localized stress concen-
tration during mechanical loading resulting in crack
propagation. The critical load at which failure occurs
combined with the known specimen dimensions can be
used to calculate fracture toughness. Several ASTM
standards describe this relation for a number of notch
geometries (Ref 15, 16).

In the work presented here, multiple methods are eval-
uated to compare the fracture toughness measurement of
different TS Al,O; materials. This includes the bench-
marking of standard SENB and chevron notch testing with
a set of standard reference materials (bulk Al,O3, quartz
glass, and sintered SiC), and an expanded parametric study
of a single sprayed material system with intentionally
introduced sample variation This entailed changes to
thickness, notch depth, and notch sharpness. Two addi-
tional test methodologies (modified tensile adhesion and
tensile elongation) are proposed here, extracted from non-
TS literature. These methods have been adapted here to
measure orientation specific fracture toughness on three
different Al,O; TS microstructures that can broadly rep-
resent a range of TS ceramic structures. TS Al,O3 repre-
sents a low-cost material that is readily sprayable over a
range of thickness, with easily tailorable structures and
properties. This presents a platform for evaluation of these
techniques to quantify orientation-dependent failure in
ceramics TS coatings.

Experimental
Coating Fabrication

Three different coating processes were used to
encompass a wide design space of ceramic TS struc-
tures and corresponding properties. These included
standard air plasma spray (APS), high velocity oxy-fuel
(HVOF), and rod-fed flame spray processes. Specific
deposition was performed using Al,O3 feedstocks tai-
lored to each spray process. Table 1 shows the mate-
rials and processes used to produce the three coatings.
Coatings were deposited on AISI low-carbon steel
plates (228 mm x 25.4 mm x 2.4 mm), steel tensile
bars (152 mm x 254 mm x 3.2 mm, with 65 mm x
12.7 mm gauge), and 25.4 mm diameter steel adhesion
slugs. Substrates were grit-blasted at 5.5 bar with Al,O3
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Table 1 Process parameters for three different coating variations

Deposition torch/process designation

Feedstock

Relevant process parameters

Rod flame spray (Rokide, Saint Gobain,
Worcester, MA)

APS (3 MB, Oerlikon Metco, Westbury, NY)

Worcester, MA)

HVOF (HV-2000, Thermach, Appleton, WI)

6 mm Al,O5 rod (St. Gobain,
105 NS (Oerlikon Metco, Westbury, NY)

Al-1110-HP (Praxair, Indianapolis, IN)

40 SLPM C,H,, 40 SLPM O,, 150 mm spray
distance, 250 mm/min rod feed rate

550 Amps, 40 Ar, 6 Hp, 100 mm spray distance,
35 g/min feed rate

1500 SCFH H,, 600 SCFH O,, 152 mm spray
distance, 7.5 g/min feed rate

grit. Air cooling was used to control fixture tempera-
tures and samples underwent preheating prior to
deposition.

Three-Point Bend Testing and Notch Geometries:
SENB and Chevron

Free-standing coating specimens are required for bend
testing. To intentionally delaminate the coating from the
substrate, careful cantilever bending was used. Edges of the
coated beams were polished to remove overspray. A small
strip of coating was removed from the end of the substrate,
exposing of the underlying metal. This end was held in a
vice and the higher stiffness coating easily delaminated
after simply flexion. Once delaminated, 25.4 mm x 6 mm
strips were cut using a high-speed diamond coated metal-
lographic saw and mechanically ground to a 9-um surface
finish. After delamination, half of the SENB samples were
sintered for 24 h at 1200 °C.

Following sample sectioning and heat treatment, two
different notch geometries were evaluated; a standard sin-
gle-edge notch and a chevron notch. These are governed by
ASTM E 1820 and ASTM C 1421, respectively (Ref
15, 16). Both methods evaluate fracture toughness based on
the principle that loading energy is concentrated over a
small area, which serves as the eventual crack initiation
site. For the SENB methodology, this initiation site spans
the width of the sample beneath the notch, while the
chevron testing concentrates the loading energy to the
sharp convergence point at the tip of the chevron. In the
chevron configuration, the crack propagates from the
chevron tip through the increasing material width which
promotes more stable crack behavior. The measured initi-
ation fracture toughness is a function of the sample
geometry and measured load at which failure occurs. Fig-
ure 1 shows a schematic summarizing the notching and
testing of the SENB samples.

Samples were notched using a diamond saw attached to
a rotary tool, which was rastered across the sample surface
at approximately 1 Hz, increasing depth slightly after each
pass. The samples were held flat for the standard single-

@ Springer

=mm /Ncremental
mmmm poSitioning to

‘desired depth

To motor

—a@

Incremental
positioning to
increase load

Flip sample over for
testing

Crack T
propagation

Fig. 1 Notching of SENB specimens and three-point bend test setup

edge notch (with resulting notch shown in Fig. 2a) and held
at an angle to cut away each side of the eventual chevron
notch. The chevron sample is rotated so that its base lies at
an angle to the platform (between 30° and 45° depending
on sample dimensions). Material is removed in two cuts,
with resulting chevron remaining, shown in Fig. 2(c). Extra
sharpening of the SENB notch was also performed on one
set of the samples to determine the effects of notch
sharpness, shown in Fig. 2(b). The notch was enhanced
using a sharp razor blade and 0.5 pm diamond lapping
paste (McMaster-Carr).

A parametric study was performed on the APS Al,O;
coating with a total of 24 different variations evaluated
using the SENB technique (parametric variations listed in
Table 2). The parametric evaluation was focused on two
primary thickness differences. Additional, extra-thin
1.01 mm samples were included as test points for a



J Therm Spray Tech (2018) 27:1076-1089

1079

separate thickness comparison at the standard notch depth/
sharpness, in their as-sprayed conditions. The stan-
dard/center condition values for the 1.63 mm thickness
were used for comparison with the results of the modified
tensile adhesion and tensile elongation methods. Compar-

stress concentration to the notch geometry. In the Y.
term, ag and a; represent the distance from the chevron tip
to sample base, and chevron base to sample base, respec-

tively (Ref 15, 16).
P.L

ison of the chevron and SENB results was performed with ~ Kic = BW3/2 F(%w) (Eq 3)
L 3(aw) 199 — (W) (1 - gW) (2.15 - 3.93(aW) + 2.7 (W)’]
F( /W) = a 3/2 (Eq 4)
2(1+5) (1 = Yw)
like-dimensioned, 3.25 mm thickness samples due to lim- x P.L
o . . i o Ko = Yy (Eq 5)
itations arising from the difficulty in fabricating chevron W3/2
notches in thinner samples.
2 3
. 0.7601 — 3.634(ag/W) + 3.1165(ay/W) — 1.2782(ay/W)"+0.3609 (a;/W) (Eq 6)

1.000 — 3.119(90/y) + 3.0558 (40/) > ~1.0390 (90/y37) +0.0608 (@1/yy)

Governing Equations and Operational Description

Loading was performed on a universal testing machine
(Model 26005, TIRA GmbH, Germany) configured for
three-point loading, with 21 mm span between the posts.
Loading occurred at 0.06 mm/min crosshead speed and
was monitored by additional laser displacement (LM100-
ANRI12501, Panasonic SUNX, Japan) and a 200-N load
cell. From this test setup, both flexural strength (using an
unnotched specimen) and toughness testing was performed.
Flexural strength and flexural modulus can be measured
simply from the unnotched beam and calculated from Eq 1
and 2. In the following equations, P, is the maximum
applied load, L is the loading span (constant at 21.06 mm)
of the bend test setup, B is the sample width, W is the
sample thickness, and d is the deflection of the beam at the
maximum applied load.

3P.L
Oflex = 5 py2 (Eq 1)
L’P,
Evend = -7 Eq 2
bend = A BW3d (Eq 2)

Fracture toughness measurement by SENB (Eq 3 and 4)
and chevron (Eq 5 and 6) technique can be calculated
according to the equations below, where notch depth, a, is
incorporated into the calculations. Equation 3 and 5 con-
F(%,,) and Y,

tain geometric factors 1> Which relate the

Alternative Methods for Determination of Fracture
Toughness

In the previously described loading scenarios, the three-
point bend testing achieves only out-of-plane measure-
ment of coating toughness. This is not universally
applicable to TS coating failure because many fail via
in-plane mechanisms (e.g., TGO-induced failures in
TBCs). Measurement of such failure can be difficult with
SENB geometries when sample thickness is limited.
Here, two additional methods are proposed to evaluate
orientation-dependent toughness, namely a modified ten-
sile adhesion technique (enabling in-plane toughness
measurement) and a tensile elongation technique (en-
abling out-of-plane toughness measurement). Schematics
of both proposed tests are shown in Fig. 3.

Modified Tensile Adhesion Method

Standard adhesion strength of thermal spray coatings is
commonly measured by ASTM C633, which acts as the de
facto industrial standard (Ref 17). This technique has
notable shortcomings for adhesion strength measurements;
however, the basic loading scenarios are applied here to
extrapolate fracture toughness (Ref 18). Modification of
this technique to measure interfacial failure and in-plane
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Fig. 2 Light micrographs of (a) standard, (b) enhanced, and (c) chevron notch geometries. Crack propagation begins from the bottom of the
notch in (a) and (b), and at the tip of the chevron in (c), and travels toward to bottom of the images

Table 2 Sample and notch variation changes for APS Al,O5 parametric study

Sample thickness (W) Notch depth ratio (a/W)

Notch sharpness Sample condition

3.25 £ 0.09 mm
1.63 &+ 0.09 mm

0.35 £ 0.02
0.48 & 0.03
0.66 &+ 0.01

Standard, 80 pm root radius As-sprayed

Razor Enhanced, 45 pm root radius Sintered

Fig. 3 Setup and testing
approaches to the modified
tensile adhesion method (a) for
measuring in-plane fracture
toughness and the tensile
elongation method (b) for
measuring out-of-plane fracture
toughness

Carbon

Iﬁl Gun

oo, Coating

e =
Substrate » D

(a)

fracture toughness by use of a modified interfacial surface
has been performed in the past (Ref 19-21). Here, the
approach by Okajima et al. (Ref 21) is modified by altering
the position of an artificially introduced defect to within the
coating structure. This modified approach offers measure-
ment of the in-plane toughness within the coating thickness
as opposed to the interfacial toughness as measured by the
previous method.

For this evaluation, deposition was halted at one-half the
targeted total thickness and a defect was introduced in the
form of a 3.2 mm graphite ring (~ 10-25 um thickness)
around the edge of the coating face. After the ring was

@ Springer
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applied, deposition was continued to the desired final
thickness here, 350 pm. The graphite ring acts within the
structure to limit bonding and create a defect resembling a
crack. Following full deposition and standard adhesion test
preparation, samples were pulled according to ASTM C633
standards, which are described in more detail in the fol-
lowing sections. Supporting equations for analysis of the
load at failure and toughness derivation are shown below.
In the following equations, u; and u, represent the shear
moduli (calculated from Eq 13), while v, and v, represent
the Poisson’s ratio of the substrate (0.33) and coating (0.2),
respectively, based on literature values (Ref 21). These are

(b)
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used to calculate the constants, k, k;, and k,, which are in
turn used to calculate Dundur’s parameter, «. The geo-
metric factor, G(C/R), is a function of the width of the
carbon ring, ¢, and the radius of the substrate, R. Equa-
tion 12 relates these factors with the critical load, P,,
yielding a final value for fracture toughness (Ref 21).

k=M, (Eq 7)
ki = (3 —4w) (Eq 8)
ky = (3 —4n)) (Eq 9)
k(ky + 1) — (ks + 1)

T (Fa 10
6(5) =3 1+3 () + () 0303 (5) 0731 ()]

(Eq 11)
Ke=(1- )‘/2% nc(l —1%) G(%) (Eq 12)
k= 2(1€L V) (Eq 13)

Tensile Elongation Method for Fracture Testing

Tensile testing of TS coatings has been used for mea-
surement of coating strength contribution, strain to frac-
ture, and other coating and substrate properties (Ref 22-
24). Failure in the coating system typically occurs in the
form of horizontal band cracking, normal to the tensile
direction. This is similar to cracking patterns seen in PVD
structures under tensile loading, as described by Ganne
et al. (Ref 25). In that work, fracture toughness was cal-
culated from the strain at fracture of the coating and the
elastic modulus properties of both the coating and sub-
strate, based on the previous assessments of brittle films by
Hu and Evans (Ref 26). In the adaptation here, the same
tensile approach is used. Coatings were deposited on both
sides of steel tensile bars, covering the gauge length of the
bar. Loading was applied to both ends of the substrate, with
shear forces acting upon the coating during elongation. The
full methodology is described in Ref 22-24. Crack detec-
tion was determined by analysis of images recorded during
testing, which was then related to a critical stress and strain
at which failure was first observed in the coatings.

One advantage of this method is the incorporation of the
coating residual stress, which was calculated here from
beam curvature methods. Full descriptions of the beam
curvature measurements can be found elsewhere (Ref 27-
29). This inclusion is important as the implications of
residual stress, will be shown later to produce measurement
complications, especially in the HVOF coatings.

Equation 14 and 15 detail the fracture energy in this sys-
tem. In these equations, oy ¢, éxxc, Ty, and E' represent the
critical stress, critical strain, substrate shear stress, and
plane-strain elastic modulus, respectively (Ref 25).
Superscripts f and s indicate the variable in question refers
to the coating (film) or substrate. Thickness is denoted by ¢,
and F is a function of elastic moduli contrast between the
substrate and coating. In Eq 14, g, is calculated from the
elastic modulus of the film and &, ., which was determined
by image acquisition during testing. In Eq 15, 1,
(118 MPa) was calculated from the substrate yield strength
(205 MPa) and the value of F (0.71) was interpolated based
on values used by Hu and Evans (Ref 26).

O{x,c ~ Efgfcx,c (Eq 14)
2 1/2
K. = E/ (Gj;x’c) tf F E* + Gfrx,c
fe ™ Ef "\ 3%
(Eq 15)
Microscopy

Metallographic cross sections were prepared by sectioning
samples using a high-speed diamond saw followed by
standard metallographic epoxy infiltration. Samples were
polished to a sub-micron finish (EcoMet 3, Buehler Inc.,
Lake Bluff, IL, USA). Backscattered scanning electron
microscope (BSE-SEM) (Hitachi TM3000, Japan) was
used to observe coating cross sections and crack propaga-
tion resulting from the different testing methods. Addi-
tional observation of notch dimensions and surface features
was performed with an optical microscope (Nikon, Epiphot
200, Brighton, MI). Porosity values were determined from
an average of 10 images using a thresholding technique.

Hardness

One kilogram Knoop hardness indentations were made on
the polished cross sections of each sample. Ten to twenty
indents were performed on each sample, with an average
approximate spacing between indents equivalent to five
indents, and the final given hardness value taken from an
average of these measurements.

Adhesion

Adhesion was measured by standard ASTM C633, using a
commercial adhesive (EP15ND-2, Masterbond, Hacken-
sack, NJ) to join the coating on the 25.4 mm adhesion
button to the encounter mating surface of the other button.
Joined buttons were cured for 1 h at 150 °C. After curing, a
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Fig. 4 Scanning electron microscope images of the Al,O3 coating
cross sections show highly porous and lamellar features in the rod
flame spray coating (a), dense, highly defected features with

uniaxial tensile machine (Instron, Norwood, MA) was used
to load the sample at 1 mm/min constant displacement,
until separation occurred. This maximum load was then
used for calculation of adhesion strength.

Indentation Modulus

Modulus measurements were calculated based on a stan-
dard Oliver—Pharr method, using multiple instrumented
indentations on the coating surface (Ref 30). Indentation
was performed using a 1.5 mm spherical indenter applied
to a 5 N maximum load, with a minimum of 20 indents on
each sample and 100 um spacing between indents. The
average response of the applied load was extracted into a
single reported modulus value.

Results
Microstructure Evaluation

SEM evaluation reveals a range of microstructures for the
different Al,O; coatings produced by the three different
processes. These range from lamellar and highly porous in
the flame spray coating to a near-full density structure in
the HVOF coating, shown in Fig. 4. These structures have
been evaluated in other works (Ref 23, 31) and demonstrate
the potential variety of structures that can be achieved via
TS deposition techniques. This variation in structure has
significant influence on standard mechanical property
parameters, which are reported in Table 3.

Indentation modulus, flexural modulus, and Knoop
hardness relate inversely to porosity, exponentially in the
case of the hardness. Indentation modulus values are higher
than their flexural counterparts, as they represent a local-
ized measurement of stiffness, under compression. This
differs from flexural modulus measurements, which
incorporate effects from the overall porosity and potential

@ Springer

microcracking in the APS coating (b), and highly dense and lamellar
features within the HVOF coating (c)

splat sliding in-plane, effectively decreasing the overall
stiffness. Adhesion strength trends higher with decreasing
porosity in the case of the flame spray and APS coatings,
however, drops significantly for the HVOF coating. This is
likely due to the large residual stresses of the HVOF
coatings stemming from CTE mismatch exaggerated by the
high substrate temperatures during deposition, which act
upon the coating/substrate interface. The residual stresses
(all compressive) and peak substrate temperatures for all
three coatings are listed in Table 4.

Three-Point Bending: Benchmarking with Standard
Materials

Three-point bending was performed on a range of standard
materials, namely bulk Al,Oj3, sintered silicon carbide (s-
SiC), and fused quartz glass (f-Quartz). Results for each of
these values, with both SENB and chevron techniques
reveal a close correlation to a range of literature mea-
surements, validating the setup and methodology used for
evaluation of the TS materials presented in Fig. 5.

Three-Point Bending: Parametric Variation of APS
ALO;

The results of the bend test parametric study are shown in
Fig. 6(a) for thin (1.63 mm) samples and Fig. 6(b) for
thick (3.25 mm) samples. Variations in notch sharpness,
depth, and sample thickness were introduced to the APS
samples to examine how they affect the calculated fracture
toughness. The clearest and most expected trend was the
increase in toughness of the sintered samples compared to
the as-sprayed samples. This is a well-documented
response in thermal spray ceramics and represents an
articulated change in the fracture behavior of the material
(Ref 9, 10, 42, 43).

The behavior stemming from the rest of the variable
changes is also dependent on this difference between as-
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Table 3 Measurement results of the three as-sprayed Al,Os coating variants

Deposition torch/process  Porosity, % Indentation Flexural modulus, GPa ~ Knoop hardness, Adhesion Shear modulus,
designation modulus, GPa HK, 1 kg strength, MPa 1, GPa
Rod flame spray 16.2 £ 3.0 22 £ 10 8.7+ 0.8 37 £ 8 201 92+ 42
APS 77 £20 66 + 12 320 £ 1.6 364 £+ 63 40 £ 12 275+ 50
HVOF 22+ 1.0 171 £+ 30 1229 £ 3.9 1240 + 154 9+3 71.3 £ 125
Taple 4 Peak temperature and Deposition torch/process designation Rod flame spray APS HVOF
residual stress measurements of
the three ALO5 coating variants  Regidual stress, MPa — 60 % 10 — 165 + 18 — 379 + 46
Peak substrate temperature, °C 245+ 6 346 £+ 60 716 £ 47

5.0
45l A Chevron literature
reference range
40t i
—~ 3.5 7
o
€ 30}
*
& 51 ¢
=
‘;’ 20
4 15 | SENB literature
| reference range
1.0F
05 A Chevron result g
@ SENB result
0.0

Al,O4 s-SiC f-Quartz

Fig. 5 Three-point bend testing results of standard bulk materials,
including Al,Os3, sintered SiC, and fused quartz, in both SENB and
chevron notch geometries, with reference value ranges for each
material and method shown in the shaded background (Ref 32-42)

sprayed and sintered samples. The as-sprayed samples
showed slight, but significant differences between the
standard and razor enhanced notches, with toughness val-
ues slightly lower with the razor enhanced notch. However,
the difference in toughness stemming from notch sharpness
in the sintered samples fell within the standard deviation of
the measurements.

This change in behavior between the as-sprayed and
sintered samples is also seen with respect to the change in
the notch-to-depth ratio, a/W, as is highlighted with the
overlays in Fig. 6. As the ratio increases, there is a strong
increase in the measured toughness of the sintered samples.
In the as-sprayed samples, this trend is neutral relative to
the standard deviation. Both behaviors are likely related to
the increase in density, structure, and stiffness resultant
from the sintering process. This changes how stress is
concentrated at the notch tip and has implications with
regard to how the available energy in the system will drive

propagation or be diffused. Further explanation will be
elaborated on in the discussion section.

Additional observations can be made based on overall
sample thickness and general notch geometry. In Fig. 7(a),
a comparison of the three different thickness levels is
shown. There is a limited difference between the 1 and
1.63 mm samples, but a significant increase in toughness of
nearly 48% to 2.4 & 0.1 MPa,/m for the 3.25 mm sample.
The 3.25 mm samples are used to compare the measured
difference between the chevron and SENB notches as there
is a requisite minimum thickness to successfully cut the
chevrons. There is no difference between the two notch
geometries in the flame spray samples; however, there is a
slight increase seen with the denser APS structure with the
SENB notch, as compared to the chevron notch. HVOF
samples were not tested due to limitations in the thickness
to which they could be successfully deposited.

Non-bend Test Evaluation

All three coating variants were assessed with both the
modified adhesion method and the tensile elongation
method. Although promising for this limited set of mate-
rials, toughness measurements from the modified adhesion
method and tensile elongation will be referred to as ap-
parent fracture toughness to assert that there is still
development work ongoing. Results from the modified
tensile adhesion results are shown in Fig. 8(a), with the
APS Al,O; showing the highest toughness value of
14 +£04 MPa\/m. Figure 8(b) shows the final failure
images from the three coatings. The introduced graphite
ring can be seen on the edges of the samples, where the
fracture originated. In the flame spray samples, “bleeding”
of the excess applied graphite can be seen having spread in
low amounts toward the center of the sample; however, this
does not appear to have a deleterious effect on the mea-
surement. This behavior does give some insight into the
lamellar nature and resulting horizontal transport of the
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graphite film in the flame spray coating. There was mini-
mal spreading of the applied graphite layer in the APS
case. HVOF samples showed a failure that was much less
defined and partially occurs at the substrate interface,
which is reflected in the high error bars in Fig. 8(a). This is
likely due to the high interfacial stress that was previously
mentioned in context of the ASTM C633 adhesion
measurement.

Similar trends are seen in the apparent fracture tough-
ness results for the tensile elongation method shown in
Fig. 9(a), with the highest measured toughness for the APS
case yielding a value of 2.1 £ 0.2 MPa\/m. Surface ima-
ges are shown in Fig. 9(b), which indicate large differences
between the flame spray and HVOF coatings. The high
density, elastic energy, and stiffness of the HVOF coatings

@ Springer

result in a much more brittle fracture evidenced by the
many horizontal, angular bands and smaller segments. The
flame spray coating shows a range of cracking behavior,
encompassing multiple directions and is much more dis-
continuous. The APS coating lies in-between the two more
extreme failure types.

Discussion
Parametric Variation with Heat Treatment
As mentioned previously, the difference in behavior of the

as-sprayed to sintered samples in the parametric study is
notable. This stems from the differences in material
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structure, density, and stiffness after the heat treatment,
which has been well documented in the literature (Ref
10, 44-46). Even after a relatively short 24-h sinter at
1200 °C, there is evidence of crack healing, densification,
and a reduction in sharp internal features. This change can
result in differences in how stress is distributed over the
encompassing structures. X-ray diffraction revealed chan-
ges to the phase structure after the heat treatment; however,
the mechanical properties are more strongly determined by
the changes to the microstructural features (Ref 9, 47). In
the as-sprayed samples, the structure beneath the notch
where there is a stress concentration has some limited
ability to undergo localized relief and splat sliding (Ref 48-

50). However, after sintering this ability is reduced. This
difference has implications in behavioral changes and
response regarding the notch sharpness and notch-to-depth
(a/W) ratio.

The sharpness of the notches can change the stress
concentration, which ultimately drives crack propagation.
In samples with the standard notch, the stress concentration
can be slightly redistributed across a broader area below
the crack tip. The razor enhanced notch acts to sharply
concentrate the stress to a more finite point, where propa-
gation would occur more readily and slightly lower the
measured toughness. In the as-sprayed samples, there is a
certain amount of compliance and nonlinearity under the
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standard notch that enables stress redistribution within the
structure. Alternatively, a sharp notch more readily local-
izes a stress concentration and results in a lower measured
toughness. In the sintered samples with reduced compli-
ance (flexural modulus increases by 74% to 55.5 + 7.6
GPa), the stress concentration results in crack propagation
that follows more expected linear-elastic behaviors. Over
this small range, notch sharpness has a limited influence on
the measured toughness (Ref 35).

Notch depth is specified in the ASTM standard to be
50 £ 5% of the sample thickness, so the variations here to
a/W at the low and high ends are intentionally outside of
the measurement specifications. However, this intentional
variation can be used to gain some additional insight to the
application of the method. In the as-sprayed samples, there
is no substantial measured change in toughness as the a/
W ratio is changed. In the sintered samples, the measured
toughness increases with increasing a/W. This discrepancy
may be due to the available compliance in the as-sprayed
structure normalizing changes to the stress concentration.
This appears counter to expectations of system behavior
based on linear-elastic fracture mechanics.

Nonlinearity can be seen in TS coatings under low
applied loads (either mechanical or thermal), cyclic loads,
or near-steady state conditions. For example, Liu et al.
(Ref 51) and Dwivedi et al. (Ref 52) show nonlinearity
under these lower loads or loading rate conditions. While
these conditions are not representative of the standard
three-point bending here, small and localized nonlinear
behaviors may appear in the as-sprayed, more compliant
samples. Results in the context of changing conditions
such as notch depth and with varying compliance struc-
tures require additional considerations. It has been
demonstrated by Damani and Lutz (Ref 14) and Choi
et al. (Ref 8) that TS samples can be approximated as
linear-elastic within a single plane of fracture. This allows
for use of methods that would otherwise not be strictly
applicable to complex systems, such as TS coatings.

The response of notch depth parameter in affecting the
calculated toughness can be simply modeled using the
constituent equations (Eq 3 and 4), which can indicate the
sensitivity to the input parameters. This is shown in
Fig. 10, where the measured fracture toughness sharply
increases after the a/W ratio trends above 0.5, deviating
from the relatively linear behavior prior to that mark. At
notch depths > 0.6, the magnitude of the potential error
increases linearly with F' (a/w)_ The exponential rise in this
modeled result indicates a potential significant effect of the
notch depth term on the calculated toughness result (and as
a function of the geometric factors that are described within
the equation).
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The parametric changes to a/W, notch sharpness, and
thickness will alter the measurement response; however, it
is important to mention that these changes can also be
reflections of the measurement calculations operating out-
side of their intended boundary conditions. The calculated
toughness result will reflect these changes; however, the
intrinsic toughness of the material has not changed with
variations in notch sharpness or depth.

HVOF Deposition of Ceramic Materials

Toughness measurement of the HVOF Al,O; materials
provided a number of challenges which seem to primarily
originate from high residual stresses generated during
deposition. HVOF processes, especially in the case of
ceramic deposition, typically transfer a significant amount
of thermal energy to the substrate. This is partially related
to the high temperatures necessary to melt the ceramic
material (here, Al,O3, with a melting point > 2000 °C) and
the requisite high-volume flow of the HVOF combustion
gases needed to achieve these temperatures. To contrast,
the APS process allows for complete material melting with
less mass flow. Even with considerable air cooling, the
high enthalpy HVOF process results in high substrate
temperatures (See Table 4). After coating deposition, the
large temperature changes due to cooling, coupled with the
large coefficient of thermal expansion mismatch between
Al,O5 and low-carbon steel, results in considerable residual
stresses. The residual stress has a strong influence on the
coating adhesion, which can result in measurement
uncertainty. This is captured by the error bars of the
modified tensile method, and to a lesser extent the tensile
elongation data. The interfacial residual stresses can cause
delamination along the interface, which result in failure
occurring at that location prior to cracking in the coating
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itself. The residual stresses for each spray process are listed
in Table 4.

Relating Toughness Measurements and Orientation
Differences

Toughness measurements from three methodologies for
each of the three coatings are directly compared in Fig. 11.
There is strong agreement between the SENB and the
tensile elongation measurement values; however, a lower
value is found in the modified tensile adhesion method.
This is due to the difference in testing orientations (out-of-
plane versus in-plane toughness) and is explained in more
detail below. This comparison indicates a successful uti-
lization of different methodologies to measure toughness of
these different structures.

Measurement orientation and coating anisotropy is of
significant concern in TS coatings. SENB and tensile
elongation both represent out-of-plane toughness mea-
surements, while the modified tensile adhesion method
gives in-plane results. The results here show a decrease of
25-65% for the in-plane fracture measurements, which has
also been shown experimentally in prior TS material test-
ing (Ref 9).

The relative decrease in the in-plane toughness varies
for each of the coatings and is by far greatest for the flame
spray sample. This exaggerated decrease for in-plane
toughness can be attributed to the lamellar microstructural
features and large splat sizes that emphasize coating ani-
sotropy. The HVOF coating also tends to show a more
lamellar structure, but the orientation effects may be
masked by both its high density and strong internal cohe-
sion (which is also seen in the APS structure). The higher
densities and internal cohesion of the APS and HVOF
coatings reduce the effects of coating anisotropy by cre-
ating a more homogenous structure and therefore reduce
the relative decrease of the in-plane toughness result.

Conclusion

The goal of this work was to present a comprehensive
assessment of toughness measurement in TS materials that
can be utilized for future development. Often measurement
methods or applications are not accurately applied in light
of system specific constraints. This can lead to damaging
assumptions about the material and technology. Recog-
nizing the unique attributes of TS coatings is necessary
when applying existing testing methods or adapting liter-
ature/industrial methods to TS materials.

SENB has been shown to enable well-substantiated
toughness measurements, but it can be difficult to fabricate
requisite free-standing samples and test correctly. The
results of the parametric study demonstrate that a range of
factors can drastically affect the measurement result, even
within one material system. Due to this testing sensitivity,
alternative methods can be useful in supplementing exist-
ing results and addressing material anisotropy.

There is good agreement among the toughness results
from the additional supplementary measurement tech-
niques, and they enable investigation into the effects of
orientation-dependent results. In TS materials, the in-plane
orientation is often of critical concern. For that case, results
calculated using the modified adhesion method indicate a
25-65% lower in-plane versus out-of-plane toughness
result, dependent on microstructure. However, as some of
these methods are still undergoing development, caution is
urged in their explicit application without considering a
larger range of methods. But based on the results shown,
these methods can be validated for specific usage and offer
practical  techniques to measure multi-orientation
toughness.
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