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Abstract To explore the edge effect on intrasplat cracking
of thermally sprayed ceramic splats, crack patterns of splats
were experimentally observed and investigated through
mechanical analysis. Both the polycrystalline splats and
single-crystal splats showed obvious edge effects, i.e.,
preferential cracking orientation and differences in domain
size between center fragments and edge fragments. In
addition, substrate/interface delamination on the periphery
was clearly observed for single-crystal splats. Mechanical
analysis of edge effect was also carried out, and it was
found that both singular normal stress in the substrate and
huge peeling stress and shear stress at the interface were
induced. Moreover, effective relief of tensile stress in
splats is discussed. The good correspondence between
experimental observations and mechanical analysis is
elaborated. The edge effect can be used to tailor the pattern
morphology and shed further light on coating structure
design and optimization.
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Introduction

Because of the low thermal conductivity of lamellar coat-
ing structures, the thermal spray technique has become one
of the most important approaches to depositing thermal
barrier coatings for advanced gas turbines. Numerous
interlamellar pores and intrasplat cracks are two essential
characteristics of thermally sprayed ceramic coatings (Ref
1, 2). Although there have been many studies on intrasplat
cracks, an in-depth understanding of the formation mech-
anism is not yet clear. To date, it is merely known that the
existence of intrasplat cracks is usually due to stress
relaxation during rapid cooling of ceramic splat (Ref 3-5).
However, the final crack pattern is often considered to be
disordered, because the segments are frequently regarded
as having irregular morphology owing to the random
appearance of intrasplat cracks (Ref 1, 6-8). Also, there is
little information on how to effectively tailor the segment
size. Where and how intrasplat cracks are initiated and
propagated are also rarely reported.

In a previous study, intrasplat crack patterns were gen-
erally found to present a hierarchical structure, with four
sides and six neighbors, arising from successive domain
divisions owing to both sequential cracking and geometric
constraints (Ref 9). The intrasplat crack patterns of a sin-
gle-crystal splat presented a perfect hierarchy, whereas the
hierarchy was somewhat different for polycrystalline splat
crack patterns owing to intergranular cracking. However,
there were some differences in the crack patterns at the
periphery and in the center region in addition to the hier-
archical characteristics, i.e., the intrasplat cracks preferred
to propagate along the radial direction at the periphery.
Furthermore, transverse delamination at/beneath the
splat/substrate interface was often observed at the periph-
ery. All of these factors, which are related to the free edges
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of splats, complicate pattern morphologies. It is therefore
necessary to identify this edge effect on intrasplat cracking.

In this study, the edge effect on intrasplat cracking was
explored based on both experimental observation and
mechanics analysis. The resulting understanding of both
the hierarchical structure and the edge effect on intrasplat
cracking will shed light on further coating structure design
and optimization.

Experimental Procedure

Considering that thermal spray coatings are built up
through successive deposition of lamellar splats, under-
standing of the single suffices to provide contributing
direction. To comprehensively explore the edge effect in
the present study, three kinds of powders, i.e., titania
(TiO;), 8 mol.% yttria-stabilized zirconia (YSZ), and lan-
thanum zirconate (LZ), were deposited on both single-
crystal substrates and 304 stainless steel (304SS). The
single-crystal substrates were square, with a width of
10 mm and a thickness of 500 pm. Additionally, both the
TiO, and YSZ single-crystal substrates were of (001) plane
with a well-polished surface finish (Ra < 0.5 nm) and edge
sides of (100) orientation. As shown in Fig. 1, the TiO,
(Fig. 1a) fused-crushed powder had particle sizes ranging
from 30 to 50 pm, whereas the YSZ (Fig. 1b) fused-cru-
shed powder and LZ (Fig. 1c) agglomerate powder had
particle sizes ranging from 5 to 25 pm, with a mean size of
17.8 um. A commercial plasma spray system (GP-80,
Jiujiang, China) was used to deposit splats under a plasma
arc power of 44 kW and a spray distance of 80 mm. To
achieve a disk-shaped splat by avoiding splat splashing, the
substrate was preheated to 300 or 500 °C using a copper
plate heater prior to splat deposition. The substrate surface
temperature was monitored using a calibrated thermocou-
ple. In addition, to avoid the calefaction of the plasma arc
to the substrate, a shielding plate with several small holes
was placed over the substrate. After splat deposition, the
splat and substrate were cooled to room temperature in
ambient atmosphere. The surface morphologies of the
splats were examined using scanning electron microscopy
(SEM, VEGA II-XMU, TESCAN, Czech Republic).

Edge Effect Based on Experimental Observation

Generally, the crack morphology of splats is influenced by
many factors. Among them, grain boundary, which arises
from rapid cooling, is a crucial one. To better understand
the edge effect in this study, both polycrystalline and sin-
gle-crystal splats were investigated.

Fig. 1 Surface morphologies of (a) TiO, fused-crushed powder,
(b) YSZ fused-crushed powder, and (c) LZ agglomerate powder

Edge Effect of Crack Patterns for Polycrystalline
Splats

Firstly, crack morphologies of three kinds of polycrys-
talline splats were explored. All of the results revealed
clear edge effects at the periphery.

Crack Patterns of Polycrystalline YSZ Splats
Figure 2 shows the overall surface morphology of YSZ
splat deposited on a 304SS substrate. The crack pattern

shown in Fig. 2(a) seems disordered because of zigzag
crack paths which probably arose from the intergranular
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Fig. 2 Surface morphologies of YSZ splats on 304SS stainless steel substrate at (a) low magnification and (b, c) high magnification. The grains
are clearly observed in (c). Statistics of both the number of sides and the number of neighbors for 1000 YSZ patterns are shown in (d)

cracking shown in Fig. 2(c). From the higher magnification
image shown in Fig. 2(b), it is observed that the crack
width is distributed across a wide area. However, cracks of
different widths seem to be arranged somewhat regularly.
Narrow cracks are generally located in the middle of wider
cracks, and the domains surrounded by wide cracks are
frequently divided into several smaller segments by nar-
rower cracks. Based on the specific definition and distinc-
tion between topology and geometry reported in a previous
study (Ref 9), statistics on both the number of sides and the
number of neighbors were obtained, and the results are
shown in Fig. 2(d). The average number of sides and
number of neighbors of each pattern is 4.4 and 5.8,
respectively. This clearly reveals that fragments of YSZ
splats on 304SS roughly presented a hierarchical structure
with four sides and six neighbors, which is an essential
characteristic of a hierarchical morphology (Ref 9). How-
ever, it is noteworthy that, during this statistical process,
the domains at the edge were not taken into account
because the number of neighbors beyond the edge was not
known.

The distinction of crack morphology between the center
region and the periphery is clearly shown in Fig. 2(b). The
cracks in the center region seem well disordered, whereas
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the cracks on the periphery tend to show preferential
cracking orientation. Figure 2(a) shows first-generation
cracks preferentially oriented toward the splat center, as
shown by the red arrows, and thus, they are perpendicular
to the local edge. In addition, the second-generation
cracks (narrow cracks in Fig. 2b) tend to be parallel to the
splat edge, i.e., they are preferentially perpendicular to the
first-generation cracks according to a previous study (Ref
9). Second, the domains that are divided by the intrasplat
cracks are much larger than those in the center of the
splat. To further prove the hierarchical morphology of the
periphery, the average number of sides and number of
neighbors of the edge fragments were also counted and
found to be 4.1 and 4.8, respectively. Taking one free
edge of each edge fragment into account, the average
number of sides and neighbors of the edge fragments was
4.1 and 5.8, respectively. This reveals that the edge
fragments also presented a hierarchical structure with four
sides and six neighbors (Ref 9). The above-mentioned two
aspects, i.e., the differences in both the preferential
cracking orientation and the domain size between center
fragments and edge fragments, are defined as the edge
effect on intrasplat cracking for the case of polycrystalline
splats.



J Therm Spray Tech (2017) 26:302-314

305

Crack Patterns of Polycrystalline LZ and TiO, Splats

When the edge effect in polycrystalline YSZ splats was
investigated, a question arose as to whether this edge effect
was due to polycrystallinity. To identify the contributing
factor of polycrystallinity, two random splat-substrate
combinations, i.e., TiO,-Si and LZ-Al,O5 were investigated.
Both surface morphologies are shown in Fig. 3. As com-
pared to the polycrystalline YSZ splats, a lesser edge effect
developed. Indeed, the cracks for the edge fragments
showed preferential orientation, i.e., either perpendicular or
parallel to the local edge. However, the edge fragments were
somewhat smaller than the center fragments for LZ splats on
the single-crystal Al,O3 substrate, which is different from
the TiO, splats on the single-crystal Si substrate and the
YSZ splats on the YSZ substrate. Appreciably, larger pat-
terns always appear where the wider cracks exist.

Edge Effect of Crack Patterns for Single-Crystal
Splats

As comparisons with polycrystalline splats, crack mor-
phologies of corresponding single-crystal splats were
researched. As expected, the results also revealed clear
edge effects at the periphery.

Fig. 3 Surface morphologies of TiO, splats on (a) single-crystal Si
substrate and (b) LZ splats on single-crystal Al,O3 substrate

Crack Patterns of Single-Crystal TiO, Splats

To eliminate the influence of polycrystallinity, single-
crystal splats of the three materials used in this study were
prepared by deliberately selecting the substrate material.
Thus, TiO, splats were deposited on a single-crystal TiO,
substrate. Electron back-scatter diffraction (EBSD) orien-
tation maps (Fig. 4c) revealed that epitaxial growth with
(001) orientation readily occurred. Similar to the poly-
crystalline TiO, splats shown in Fig. 3(a), the crack pat-
terns of the single-crystal TiO, splats shown in Fig. 4 also
presented obvious preferential orientation, i.e., centripetal
cracking roughly perpendicular to local edge. Because of
the anisotropic characteristic of single crystals, cracking
tends to occur along specific orientations (Ref 9). As a
result, the intrasplat cracks tended to be perpendicular to
each other in the splats. It was also found that almost all of
the vertical cracks in the single-crystal splats approached
the substrate edge (oriented by (100) direction) at a 45°
angle, which revealed (110) orientation for vertical cracks.
Because of the rough surface morphology, a fair number of
narrow vertical cracks (covered by the ridges) are not
visible. In addition, the patterns at the periphery were lar-
ger than those in the center, which is clearly shown in
Fig. 4(a). Meanwhile, substrate delamination at the edges
is clearly observed in Fig. 4(b). These results revealed an
obvious edge effect in single-crystal TiO, splat.

Crack Patterns of Single-Crystal YSZ Splats

Single-crystal YSZ splats were also prepared on a single-
crystal YSZ substrate, and the results are shown in Fig. 5.
Epitaxial growth along (001) orientation and vertical
cracks along (110) orientation were clearly found. This is
consistent with the close-packed direction of face-centered
cubic (FCC) YSZ crystals because of the anisotropic
characteristic of single crystals. Similar to single-crystal
TiO, splat, the single-crystal YSZ splats also presented
preferential orientation, i.e., centripetal cracking roughly
perpendicular to the local edge. As compared to the poly-
crystalline splats, the single-crystal YSZ splats shown in
Fig. 5 show an exceptionally distinct surface morphology.
The splat delamination cracks preferred to initiate from the
periphery and then propagate throughout the whole single-
crystal splat, forming elongated strips, as shown in
Fig. 5(a). Consequently, the strips had a width of approx-
imately 10 um but a length of 40-80 um. Moreover, a fair
number of splats detached at the periphery without per-
pendicular cracks, as shown in Fig. 5(b). In addition,
spalling of splats coated with a thin substrate lamella was
also widely found, as shown in Fig. 5(c). Therefore, the
edge effect of the preferential cracking orientation of sin-
gle-crystal YSZ splats was evidently similar to that of
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Fig. 4 Surface morphologies of TiO, single-crystal splats on TiO,
single-crystal substrate. (a) The pattern size at the periphery was
much larger than that at the center. (b) An apparent substrate
delamination occurred at the splat edge. (c) Orientation maps by
EBSD revealed epitaxial growth

polycrystalline splats, whereas the edge effect on fragment
size could not be further evaluated for the single-crystal
YSZ splats because there were so few fragments. However,
all of these features might be deteriorated by the anisotropy
of single-crystal material. Therefore, it was occasionally
found that several small patterns appeared at the periphery.
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Crack Pattern of Single-Crystal LZ Splats

Single-crystal LZ splats were also obtained on a single-
crystal YSZ substrate, and the results are shown in Fig. 6.
Similar to the case of YSZ single crystals, epitaxial growth
with (001) orientation and vertical cracks with (110) ori-
entation were widely found. As expected, most cracks on the
periphery propagated along the radial direction, as shown in
Fig. 6(a). As a result, peculiar elongated strips formed with
length on order of 30 pm. Benefiting from a shielding plate
over the substrate and high scan speed of spray gun
(1200 mm/s), almost no splashing and overlapping in splats
occurred. Also, the splat/substrate interface was easily dis-
tinguished by energy detecting spectra (EDS; the results are
shown in Fig. 11 in “Appendix”) because of the element
differences between the splat (LZ) and substrate (YSZ).
Substrate delamination on the periphery is clearly shown in
Fig. 6(b). Moreover, it was found that most of the patterns
on the periphery were delaminated from the splat/substrate
interface, as shown in Fig. 6(a) and (b). When comparing
the fragment size on the periphery with that in the center
region, the edge effect on fragment size should be clearly
identified for LZ single-crystal splats.

In short, both the polycrystalline splats and single-
crystal splats present evidently edge effect, i.e., preferential
cracking orientation and the domain size difference
between center fragments and edge fragments. In addition,
it is also clearly observed delamination at/beneath the
splat/substrate interface in periphery region for single-
crystal splats.

Edge Effect Based on Mechanical Analysis

The experimental results clearly demonstrated that both
polycrystalline splats and single-crystal splats showed
obvious edge effects. Because free edges significantly
contribute to stress redistribution and thus change the
mechanical behavior of edges, mechanical analysis is quite
necessary to identify the influence of the edge effect. The
edge effect was investigated in terms of the stress charac-
teristics on the substrate, the whole splat, and splat seg-
ments using mechanical analysis.

Free-Edge Effect on Substrate Stress

First, mechanical analysis of the free-edge effect on sub-
strate stress was carried out. Stresses are always con-
comitant with a multilayer structure, because of either
intrinsic built-in stresses in films or coatings (according to
the processes by which the films or coatings are formed,
herein referred to as “splats”) or because of thermal
expansion mismatch between the splat and the substrate.
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Fig. 5 Surface morphologies of YSZ splats on single-crystal YSZ
substrate showing (a) the strip-like fragments, (b) a whole splat
delaminated from the splat edges without perpendicular cracks, and

Such stresses are generally quite small in the substrate by
virtue of its much larger thickness than the thicknesses of
the overlays on a macroscale (Saint-Venant’s principle). In
the neighborhood of discontinuities of the splats, however,
very large localized stresses can occur in the substrate due
to the asymmetrical deformation of the substrate resulting
from the film “edge forces.”

On the basis of a concentrated force model, a simple
analytical solution to the stress distribution in the substrate
can be obtained, such that the tensile stress and shear stress
components in the x direction in the substrate, as shown in
Fig. 7(a), ¢} and ‘r;y, are given by (Ref 10-15),

. —2F, (x+1)° (x—1)°
ax(xvy) = . 3 B
(0?42 =074y
) 2F,  x?
Txy(xay) = m (Eq 1)

where F, is the concentrated line force tangential to the
boundary of a half-space. The stress ¢% at the interface is
thus reduced to

101

(c) thin substrate lamellae removed concomitantly with delaminated
patterns, as marked by the red arrows. (d) Orientation maps by EBSD
revealing epitaxial growth

o:(x,0) = _72;)‘ <x/ll—|— 1 _x/ll— 1) (Eq2)
Normalizing the substrate stress gives

N = 03(x,0)/(~2F. /)

N = sign(N) - log;o|N| (Eq 3)
where the sign function reads sign(N) = { _1’17 NN><%.

The results are plotted in Fig. 7(b). It was clearly found
that the stress distribution in the substrate was divided into
two regions: One referred to as “inner region” (the domain
under the film) and the other referred to as “outer region”
(the domain outside the film edge). The sign of the sub-
strate stress in the inner region (compressive stress) is
opposite to that of F, because it is employed to balance the
film deformation. Inversely, the stress of the substrate in
outer region is due to asymmetrical deformation. In brief,
the stress distribution in the substrate is extremely inho-
mogeneous, and there is an evident singularity for the
substrate stress on the splat edge.
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Fig. 6 Surface morphologies of LZ splats on single-crystal YSZ
substrate at (a) low magnification and (b) high magnification.
Interfacial delamination in conjunction with substrate spallation is
clearly observed in (a) and (b)

Free-Edge Effect on the Whole-Splat Stress

Generally, an individual disk-shaped splat is divided into
small segments by intrasplat cracks. However, before
intrasplat cracking occurs, the initial disk-shaped splat
serves as the whole splat. To reveal the edge effect on a
whole splat, the concept of whole-splat stress is developed
in this section. It has been reported that the origin and
nature of stress in a film (herein referred to as a “splat™)
and a substrate can be considered equivalent when the
stresses and strains are calculated (Ref 15, 16). The stresses
in thermally sprayed ceramic coatings originate from splat
cooling shrinkage strain, which are thus equivalent to
stresses due to thermal expansion mismatch with zero
thermal expansion of the substrate. The simple beam theory
in the mechanics of materials can be used to solve thermal
mismatch problems under steady-state condition. The
strain and stress in a splat can be expressed by (the details
are shown in “Appendix”)

6E¢hs hy
t__
& = — Eshz AoAT - <y+7>

S

(Eq 4)
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Fig. 7 Substrate stress distribution and the film/substrate architec-
ture. (a) Diagram of free splat edges located in the interior substrate.
(b) Distribution of normalized substrate stress [¢5(x,0)/(—2F/nl)]
related to the normalized position (x/])

op = E; [—%AaAT- <y + %) - ocfAT].

Eq 5
EJi? (Eq 5)

where E¢ and E; is Young’s modulus of the splat and
substrate, respectively. Moreover, h; and hg are the thick-
ness of the splat and substrate, respectively. The value y
and Ao denote the height to the splat/substrate interface and
the equivalent thermal expansion mismatch between the
splat and substrate, respectively. Because the thickness
ratio of the splat to substrate is nearly equal to zero, Eq 5
can be further reduced to ¢} = —Eroy AT, which reveals
that the residual stress in a splat is nearly independent of
splat thickness and that the bending can be neglected in the
case of infinite substrate thickness.

It is important to note that these effects refer to stresses
far away from the edges of a multilayer system. However,
at the edges of the system, satisfaction of the free surface
condition is also required. This can be achieved via a
superposition procedure. First, the remote stresses, ¢} and
0!, are assumed to be distributed throughout the length of
the system. Then, stresses of the same value but opposite
sign, i.e., —o} and —ol, are applied at the corresponding
positions along the edges. It is important to realize that the
net resultant force from the imaginary applied stresses is
zero because the assumed stresses satisfy the force equi-
librium condition. The stress field in the edge region is thus
the superposition of the assumed stress fields and those due
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to the imaginary applied stresses. Because of the com-
plexity of the problem, exact closed-form solutions to
stress fields in the edge region are difficult to obtain.
However, the moment and shearing force at the free edge
due to the applied stresses can be readily derived for an
interface as follows

h.
M = [ o'ydy ~ —EoeAT - 122 (Eq 6)
0

h f

V = [ojdy ~ —EroaAThy (Eq 7)
0
In the edge region, the additional peeling stresses and shear
stresses at the interface are thus induced by the moment
and force given by Eq 6 and 7, respectively. Because of the
complexity of the problem, exact closed-form solutions to
peeling stress and shear stress distribution are exceedingly
difficult to obtain. For simplicity, the apparent average
value of the interfacial peeling stress and shear stress is

evenly imposed at a finite zone near the edge with an order
of Ahg. They thus follow

'c(x) = —EfO(fAT/i

p(x) = —2(E;osAT) 72 (Eq 8)

If taking typical conditions of 4 &~ 4, E¢ ~ 200 GPa and
o¢AT =~ 2% into account, the average shear stress and
peeling stress at the interface are further reduced to

7(x) = —EfosAT /4 ~ 1 GPa

p(x) = —(E;osAT) /8 = 500 MPa (Eq 9)

It is obvious that very large average values for the shear
stress and peeling stress are produced because of free
edges. Furthermore, the inhomogeneous distribution of the
shear stress and peeling stress should also be discussed. To
show the change in the stress along the radius, the stress
fields in an elongated bimaterial beam by Suhir (Ref 17-19)
under the assumption that longitudinal displacements at the
interface dictate the function forms are employed as
follows,

1—vix hyx dé
uy(x) = oy ATx — Elhlng(f)df + r19(x) +7£@

—_ 2 X X
up(x) = o ATx + ! v;{Q(f)dé —x1gq(x) — hf{pcé)

E>hy
(Eq 10)

where u;(x) and u,(x) denote the displacements of the
lower surface of material 1 (herein referred to as “film”)
and upper surface of material 2 (herein referred to as
“substrate”), respectively. Moreover, b is the strip width,
Q(¢&) is the normal stress at a neutral axis, and p(x) is the

radius of curvature. Additionally, g(x) is the shearing force
per unit plate length, and
. 2(1 + Vl) @

Kl=———>—, Ky=
! 3E, b 2

2(14v2) by

Eq 11
36 b (Eq 11)

are the coefficients of interfacial compliance, which are
widely used to approximate the mathematical relationship
between the shear stress and displacement at an interface.
The main contribution of Suhir’s work is additional con-
sideration of the influence of the actual nonuniform dis-
tribution of forces Q(x) and assuming that the
corresponding corrections are directly proportional to the
shearing force at the interface (the third term in Eq 10).

Using the condition u;(x) = uy(x) of the displacement
compatibility and elongated beam bending theory, the
interfacial peeling stress p(x) and shear stress 7(x) conse-
quently dictate the function form as

AoAT .
T(.x) = mslnh(Kx) (Eq 12)
_ pAaAT
p(x) = cosh(KD) cosh(Kx) (Eq 13)

where the quantities x, K, and p are geometric factors
related to E, v, and h. In the case of an elongated bimaterial
beam when the KI value is great, these stresses can be
further expressed as

1(x) = Taxe ) (Eq 14)

p(x) :pmaxe_[((l_x) (Eq ]5)

Equation 14 and 15 demonstrate that both the shear stress
and peeling stress at the interface present quick exponential
decay to the center. If taking the huge average values for
the shear stress and peeling stress (Eq 9) into account, it
can be concluded that singular shear stress and peeling
stress exist in the splat edge region because of the edge
effect.

Edge Effect on Splat Segment Stress

When the whole disk-shaped splat is divided into small
segments by intrasplat cracks, each segment will also
present an edge effect because of the new edges produced
by the intrasplat cracks. This is similar to film domains
divided by channeling cracks. These channeling cracks
consequently create more “free edges,” giving rise to stress
redistribution in the film, as shown in Fig. 8(a). In addition,
curling of the pattern edges in the center region is also
clearly observed, as shown in Fig. 6(a). Therefore, it is
necessary to identify the edge effect on pattern cracking in
the film.

In this section, the ideal model shown in Fig. 8 is
addressed. Because the thickness of the splat is much
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Fig. 8 Solution to segment stress after pattern cracking via superpo-
sition principle. (a) A brittle film on a thick substrate with arrays of
perpendicular cracks. (b) The marked section between two cracks.
(c) The strain is assumed to be uniformly distributed in the film before
cracking. (d) An applied stress of opposite sign is imposed on the free
edge to relax the edge stress. The stress distribution in (b) is
equivalent to the superposition of stress distribution in (c) and (d)

smaller than its length and the top surface is free, generally
the top surface of the splat remains approximately flat in
the case of no delamination. This is in reasonable accor-
dance with the preceding results, in which the influence of
bending on stress distribution was neglected.

The plane strain problem is thus adopted. Herein only
the stress in x direction is considered because of the total
equivalence symmetry in the x and z directions.

The equilibrium equation (Navier equations in elastic-
ity) in the absence of a body force in the x direction can be
written as

0o, Oty
ox Oy

0 (Eq 16)

In conjunction with constitutive law in elasticity and the
method of separation of variables, the displacement in splat
dictates the function form (Ref 20, 21)

u(x,y) = (Ale”‘/h +Aze’”‘/h> [Bysin(dy/h) + By cos(dy/h)]
(Eq17)

where A, A,, B;, and B, are coefficients to be determined
by the boundary conditions. The existence of & is because
of dimensional consideration. Moreover, the correlative
dimensionless coefficients, ¢ and d, satisfy the equation
d=c-VE /.

Considering the boundary conditions, i.e., the geometric
symmetry in x = O direction and the stress free in y = h
and x = £/ direction, Eq 17 can be reduced to

uy(x,y) = Asinh(cx/h) cos[d(1 — y/h)] (Eq 13)
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where the dimensionless coefficient A satisfies the equation

A= _,/E hey
- w, cosh(cA/h)sind

It is reported that the comparison of the energy release
rate with the exact solution provides (Ref 20, 22)

2 J E,
c=——+; =4/—cC
TCg(OC, ﬁ) M

where the quantity g(o, ff) dictates the function form (Ref
20)

(Eq 19)

_ 1.258 — 0.400 — 0.2602 — 0.300*
= 1—a

(o, B)

The nondimensional quantity o can be expressed by (Ref

23-26) o = %

Consequently, the total displacement and stress shown
in Fig. 8(b) are equivalent to the superposition of dis-
placement and stress shown in Fig. 8(c) and (d), which

dictate the function forms

(Eq 20)

u(x,y) = &2x + Asinh(cx/h) cos[d(1 — y/h)] (Eq 21)
o, = E1 (&2 + Ac/hcosh(cx/h)cos[d(1 — y/h)])  (Eq 22)
Ty = W Ad/hsinh(cx/h)sin[d(1 — y/h)] (Eq 23)

The shear stress at the interface and the average tensile
stress in the film are thus

Ty (x,0) = —E1& - c- % (Eq 24)
_ = cosh(cx/h)
ox = E188< a cosh(c/l/h)) (Eq 25)

In the case of a film having identical properties with the
substrate, namely « = 0 and ¢ = 0.5, the normalized shear
stress at the interface and the tensile stress in the film, i.e.,
Ty (x,0)/(=E &) - ¢) and 7,/ (E;£?) related to the normal-
ized position, x/h, is plotted as shown in Fig. 9(a) and (b),
respectively. It is obvious that the shear stress presents
exponential decay from the fragment edge to the center,
and the maximum value is obtained in the position of x = 1
and y = 0, which provides

Tmax = —E1€° - ¢ - tanh(c/h) (Eq 26)

In this case, the maximum shear stress is comparable to the
tensile stress. In addition, there also exists a moment as a
result of the imaginary stress, shown in Fig. 8(d), which
gives rise to a self-equilibrium peeling stress distributed
along the interface in the edge region. Both peeling stress
and shear stress reached maximum values at the edge and
contributed to interface cracking.

As compared to shear stress at the interface, the tensile
stress in the fragments presented exponential decay from
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Fig. 9 (a) Normalized shear stress and (b) normal stress of segment
at interface related to normalized position (x/h)

the center to the periphery, as shown in Fig. 9(b), which
means effective relief occurs because of the edge effect.
Further intrasplat cracking probably develops in the center
region in the case of large-enough patterns (namely a large-
enough /4 value). Inversely, shear stress always reaches a
peak at the edge, no matter how large the patterns are.

In brief, there is an edge effect in mechanics where the
film rests on the inner region of the substrate. Concretely,
the edge effect dictates that singular tensile stresses
develop at the film edge in the substrate because of geo-
metrical asymmetry, and tremendous interfacial peeling
stress and shear stresses are induced in the film. Addi-
tionally, considerable interfacial peeling stress and shear
stresses are induced in crack patterns because of the edge
effect. All these singular stresses magnify the possibility
and tendency of film cracking.

Discussion

The edge effect was detected through both experimental
observation and mechanical analysis. Naturally, a corre-
lation between experimental observation and mechanical
analysis was expected. Among the detailed aspects of the
edge effect, the most important and common aspect was
that all edge intrasplat cracks tended to be locally per-
pendicular to the splat edge. This can be understood as
follows. Based on the previous mechanical analysis, the
singular peeling stress and shear stress due to the edge
effect were elaborated. However, it should be noted that
the tensile stress in the crack patterns decreased con-
comitantly via relief of the free edges when tremendous

shear stress and peeling stress were produced. Addition-
ally, the film in this study was actually a disk-shaped
splat, where the tensile stress was along the axial and
circumferential direction in a polar coordinate system.
Because of the zero stress state at the boundary and stress
continuity in the splat, the tensile stress along the radial
direction was effectively released in the finite zone (as
shown in Eq 25 and Fig. 9b). However, the tensile stress
along the circumferential direction was preserved because
of the lack of a free edge. Consequently, the intrasplat
cracking tended to occur along the radial direction, as
widely shown in Fig. 2-6, for both polycrystalline splats
and single-crystal splats.

In all single-crystal splats, transverse delamination at or
below the splat/substrate interface was clearly observed
(Fig. 4-6), which was well consistent with singular peeling
stress and shear stress at the edge in the mechanical anal-
ysis (Eq 8, 24 and Fig. 9a). As a result, the domain sizes of
the edge fragments were larger than those in the center
region (Fig. 4-6). However, the difference was not quite
distinct, which seems to go counter to the mechanical
analysis. Based on previous mechanical analysis, the sin-
gular peeling stress and shear stress due to the edge effect
were elaborated. From the perspective of strength theory,
cracking would be more likely to occur if the shear stress
and peeling stress exceeded the fracture strength. However,
fracture is related not only to stress but also to energy
differences (Ref 9, 27, 28). On a more microscopic scale,
fracture is significantly influenced by the statistical distri-
bution of microdefects (crack sources). In short, the two
most essential factors influencing cracking behavior are
cracking motivation (stress condition) and cracking resis-
tance such as the elastic anisotropy in the single-crystal
material and defect quantities in polycrystalline material.
Where cracking initiates and propagates generally depends
on the maximum ratio between cracking motivation and
resistance, i.e., either on greatest motivation or the least
resistance (Ref 9, 28). As expected, we found a clear edge
effect in single-crystal TiO, splats, while some deviations
were found in single-crystal YSZ and LZ splats. Conse-
quently, the competition between the edge effect and
cracking resistance needs to be further addressed.

For polycrystalline splats, the number of defects in plane
(such as weak grain boundaries; it is reported that the
different types of splats mentioned previously are prefer-
ential to intergranular cracking) was significant, which is in
accordance with the phenomenon that the patterns with
larger sizes in weak hierarchical polycrystalline LZ splats
were concomitant with wider cracks, which are the posi-
tions with foremost cracking (Ref 9). Consequently, it is
reasonable that the strain energy would be released via
perpendicular cracking rather than via transverse delami-
nation. Without these deteriorations, both single-crystal
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and polycrystalline splats present preferential intrasplat
cracking orientation and different fragment sizes between
edge and center region resulting from edge effect. Con-
ceptually, utilizing edge effect to tailor the crack topology
(as shown in Fig. 5b) and even the coating structure could
be a potential future work.

Conclusions

To explore the edge effect on intrasplat cracking of ther-
mally sprayed ceramic splats, the crack morphologies of
splats were experimentally observed and investigated using
mechanical analysis. Both the polycrystalline splats and
single-crystal splats presented evident edge effects, i.e.,
preferential cracking orientation and domain size differ-
ences between the center fragments and the edge frag-
ments. In addition, delamination at/beneath the
splat/substrate interface at the periphery was often
observed for single-crystal splats. The mechanical analysis
showed that both singular normal stress in the substrate and
huge peeling stress and shear stresses at the interface were
induced. These huge stresses significantly contributed to
the delamination at/beneath the splat/substrate interface at
the edge region. Moreover, effective relief of the tensile
stress in a splat was discussed, which was obviously related
to the preferential cracking orientation. The good corre-
spondence of the edge effect between experimental
observation and mechanical analysis was elaborated.
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Appendix

The constitutive law in regard to thermal strain without
consideration of bending problem reads

Fig. 10 Procedure for finding
the location of the neutral axis

A
of a composite beam. (a) Actual

Bimaterial Beam Cross-section

.s? = + oy AT = gif + oy AT
E¢
0_ 0% i
& = — + AT = ¢, + o, AT (Eq 27)
S
where ¢ and & are the uniform strain of the splat and

substrate without consideration of bending, respectively.
Moreover, a} and ¢ are the uniform stress of the splat and
substrate, respectively. Using the condition of the strain
compatibility at the film/substrate interface gives

e — el = (0 — o) AT = AaAT (Eq 28)

The force balance of the whole bimaterial beams dictates

Egethy + Eelhg = 0 (Eq 29)
Combination of Eq 28 and 29 gives

b Eh AaAT

" Eghy + Eghg

. —EiheAaAT

L= (Eq 30)

8 e

$ E¢he + Eshg
The moments due to uniform strain component, M, can
thus be expressed as

0 .
(y = 90)dy + [ Eseg(y — 0)dy (Eq 31)

oy
M' = [ Epe;
0 —hg
where 0 is the location of the neutral axis composite beam.
The quantity 6 was calculated on the assumption of
equivalent cross section (Ref 25) as shown in Fig. 10,

which was defined as

5— YiAt + ysAs

Eq 32
A T AL (Eq 32)

where yr and y, are the location of the neutral axis of film
and substrate, respectively. The quantities A; and A, are the
equivalent cross-sectional area of film and substrate, as
shown in Fig. 10(b), respectively. Therefore, § can further
be reduced to

Equivalent Cross-section

W T=E/E,—

cross section of bimaterial beam [
and (b) equivalent cross section Film Ef hf E;
of bimaterial beam on the 1 R
assumption of equal bending 0 ] Z'
stiffness Ié’ N | Axi
r XI
Substrate Es hs — N IR A ) e l_’lt _a. _0 S_ -
Eg
A4
(@)« 1 > (b) « 1 ;
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Fig. 11 The SEM (a) and EDS (b, c) morphologyof single-crystal LZ
splats deposited on single-crystal YSZ substrate. The element shown
in (b) and (c) was lanthanum (La) and yttrium (Y) corresponding to
LZ splats and YSZ substrate, respectively

2 2
5 — it —Edhs (Eq 33)
2(Eths + Eghg)

To balance the moment M!, an extra moment MP is
required, which in return gives rise to stress redistribution
in bimaterial beam.

The pure bending strain due to M" dictates the function
form

(Eq 34)

where r is the radius of curvature for neutral axis of
composite beam.
The bending moment, M, related to the pure bending

strains P, can be expressed as

0 —5)? he —5)?
Yy N il - Vay 00" - )4y (Eq 35)
0

—h

The moment balance of the whole bimaterial beam follows
M+ MP = 0, which in conjunction with Eq 31, 34, and 35
dictates

1 o 3 Eseihs(hs + 2(3) - EfSifhf(/’lf — 20)
r 2 Egig(h2 +3hd +38) + Ephe (h} — 3hed + 30%)

(Eq 36)

The total strain in the film (the upper beam) can thus be
expressed as

EhAoAT y— 96

E¢hs + Eshg r

e = op AT + &b + &0 = o AT +

(Eq 37)

In the present study,
n=he¢/hy =1/500 — 0
lim &} = (o5 — o) AT
n—0
. h_y
imo=-7

1 —O6FEhy B

Therefore, the strain and stress in the film can be reduced to

6E¢hg hy
t_
Sf = — Eshz AOCAT . (y + E)

S

6E¢hs hy

(Eq 39)
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