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Abstract This work presents a modified approach to

Focused Ion Beam (FIB) milling, specifically tailored to

preparing cross-sections of plasma sprayed resolidified

ceramic splats, was developed at the Center for Thermal

Spray Research at Stony Brook University and refined at

the Forschungszentrum Jülich Thermal Spray Center. Two

key advantages were gained from this modified approach:

relatively large (100 lm long by 25-50 lm wide by

5-10 lm deep) ion-milled trenches were possible in as little

as several hours of milling time and the traditional plat-

inum overcoat was deemed not necessary. Images of single

and double-splat cross-sections show the through-thickness

crack propagation of mudflat cracks. Refinement of this

method allowed for even shorter (up to or less than one

hour) milling times for splat cross-section viewing, and

concurrent Energy Dispersive Spectroscopy for chemical

analysis of unique splat combinations of Thermal Barrier

Coating (TBC) splats atop Environmental Barrier Coating

(EBC) splats. Additionally, time-lapse imaging during the

ion-milling process garnered additional insights about

subsurface features within the splats. The results in this

paper and the time-lapse animations online revealed sub-

surface ‘bubbles’ embedded in EBC splats—dependent on

the process parameters. Finally, the TBC-on-EBC splat

cross-section points toward the presence of viscous flow of

solid amorphous EBC material during microsecond solid-

ification of a molten TBC splat.

Keywords Focused Ion-Beam milling � Splats � YSZ �
Yb2Si2O7 � T-EBCs

Introduction

High-temperature ceramic barrier coatings by plasma

spraying are a widely adopted technology in the power

generation and propulsion industries (Ref 1-3). Presently, it

is well-understood, most notably for Thermal Barrier

Coatings (TBCs), that the microstructure and property of a

plasma sprayed ceramic coating ties back to the mecha-

nisms of droplet impact and solidification (Ref 4-12).

The impact of molten TBC material, in this case Yttria

Stabilized Zirconia (YSZ), and its rapid solidification

(*106 K/s) generates quenching stresses that initiate and

propagate through-thickness channel-cracks in the indi-

vidual splats (Ref 4, 6, 8, 10, 13). Kulkarni et al. showed

through high-resolution imaging that revealed nanoscale

columnar grains in each individual splat, which were ori-

ented in the solidification direction (Ref 14). It has also

been shown that the shape and structure of these single

splats has significant influence on the final property of the

sprayed TBC (Ref 15-21). In some ways, TBC processing

condition development has been driven by this under-

standing of the influence of the splat microstructure on the

final quality of the coating (Ref 15-18). An example of this

This invited article is part of a special topical issue of the Journal of

Thermal Spray Technology on 30 Years of Environmental Barrier

Coatings. The issue was organized by Edward Gildersleeve, GE

Aerospace, and Bryan Harder, NASA Glenn Research Center. Any

views and opinions expressed in this article do not necessarily reflect

those of the guest editors or their employers.

& Edward J. Gildersleeve V

Edward.gildersleeve.1@gmail.com

1 Institute of Energy Materials and Devices, Materials

Synthesis and Processing (IMD-2), Forschungszentrum Jülich
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is the literature’s general agreement that fabricating Dense

Vertically Cracked (DVC) TBCs requires a high deposition

temperature combined with a high degree of particle

melting—to enable optimal splat formation and stacking

that yields a coating of sufficiently high stiffness during

deposition, generating enough stored energy to induce the

onset of vertical segmentation cracking (Ref 21-24). In

understanding the process at a droplet/splat level, it has

since been possible to expand TBC research outward—

examining more advanced concepts e.g., the nonlinear

elastic behavior of these coatings, phase distribution and

stability at elevated temperatures, multi-layering, optimiz-

ing, and fabricating multifunctional TBCs, and so on (Ref

2, 22, 25-32).

Comparatively, Environmental Barrier Coatings (EBCs)

for high-temperature ceramic components are not as thor-

oughly understood at the process-splat-microstructure

level. EBCs are known to have higher sensitivity to input

parameters (Ref 33, 34). This is especially true for rare

earth disilicates (REDS), which undergo inflight chemical

decomposition and rapidly solidify as amorphous,

uncracked chemically heterogenous splats (Ref 33, 34).

Thus, there is a need for advanced characterization tech-

niques in this coatings space.

High-resolution microscopy studies using Focused Ion-

Beam (FIB) milling methods to cross-section splats have

been demonstrated in the thermal spray literature to elicit

useful information about the deposition history of individual

particles (Ref 35-43). However, these methods, upon their

time of publication, had challenges. At the time of these

publications, the FIB-milling methods were excessively

long and induced some degree of redeposition/material

sputtering during milling which made interpretation chal-

lenging (Ref 35-37). Contributing to the increased process-

ing time was the sputtering of a platinum overlay coating

prior to FIB-milling. Moreover, the majority of the available

literature examines metallic splats or ceramics that are

inapplicable as high-temperature barrier coatings.

In this work, a modified approach to traditional FIB

milling was developed—specifically catered to high-

throughput characterization of plasma-sprayed ceramic

splats for TBCs and EBCs. First, the method was devel-

oped at the Center for Thermal Spray Research at Stony

Brook University; then, refinement of the method was

carried out at the Forschungszentrum Jülich Thermal Spray

Center. Two important outcomes came from this reexam-

ination of modern FIB-milling techniques. First, substan-

tially larger cut areas (compared to any of the

aforementioned literature) were deemed feasible at a

fraction of the times reported in past literature. Second,

through ion-beam optimizations, a platinum overlay coat-

ing was not required—thereby enhancing the quality of

data that could be generated and interpretability of the

resultant microstructures. Because of these method opti-

mizations, key insights in the deposition dynamics of

plasma-sprayed EBCs and Thermal-Environmental Barrier

Coatings (T-EBCs) were ascertained.

Methods

Deposition of splats and their characterization were carried

out across two facilities. For some work, the materials were

plasma-sprayed at the Center for Thermal Spray Research

(CTSR) at Stony Brook University, NY and subsequently

characterized by FIB-SEM at Stony Brook University, NY.

The remainder of the specimens were fabricated at the

Forschungszentrum Jülich GmbH., IMD-2, at the Jülich

Thermal Spray Center (JTSC) and characterized by FIB-

SEM at the IFN-1 in Forschungszentrum Jülich. In all cases,

the same working principles of ensuring optimal particle

injection in the plasma spray torch, utilizing a high

([1500 mm/s) traverse rate of the torch across the sample,

and lowmaterial feed rates to deposit splats were adopted. A

combination of cascaded plasma and standard DC plasma

torches were used to fabricate the splats shown in this study.

The processing conditions used to fabricate the splats in this

study were all reproduced from past literature by the authors

(Ref 24, 33, 34, 44-48).

For these experiments, individual splats were deposited

onto either mirror-polished 316L stainless steel (for the

plasma-spray TBC baseline tests), mirror-polished silicon

wafers (for the APS EBC tests), or mirror-polished plasma-

sprayed coatings of Yb2Si2O7 and Si (also for EBC test-

ing). For the APS TBC spraying parameters, an F4MB

standard DC plasma-spraying torch was used. For the APS

EBC spraying parameters, a cascaded plasma torch [at

Stony Brook SinplexProTM, Oerlikon Metco, Westbury

NY; at Forschungszentrum Jülich, TriplexProTM, Oerlikon

Metco, Wohlen Switzerland] was utilized with both argon-

hydrogen (Ar-H2) and argon-helium (Ar-He) plasma gases

to study the effects of the plasma gas chemistries on the

deposition of the individual splats. A summary of the APS

deposition parameters are shown in Table 1.

After deposition, the specimens were gold-sputtered to

achieve a coating of approximately 10-15 nm thickness (to

avoid charging artifacts during the FIB-SEM analysis). The

FIB-SEM used at Stony Brook was a LYRA-3 from Tescan

[Tescan Group, a.s., Czech Republic]. Trial experiments on

equivalent samples were carried out to study and under-

stand the influence of the FIB-milling on splat integrity and

morphology. For these experiments, the traditional plat-

inum overcoat was intentionally avoided in order to allow

investigations of the splat topography and the findings

during FIB sectioning. The method and characterization
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techniques were further refined at the Forschungszentrum

Jülich GmbH., IFN-1, using a Zeiss Crossbeam FIB-SEM.

As mentioned, unlike the previously published time-in-

tensive FIB milling routines of past literature, the first

iteration of the refined FIB-milling method at Stony Brook

involved a multi-step (with each step being significantly

quicker than predecessor methods due to increased ion

currents) incremental milling routine. First, an ion current

of 20nA was used to cut the 100 lm long 9 15 lm wide 9

5 lm deep trench. Then, sequentially, the trench-wall face

was polished from 1nA, 500pA, 250pA, 100pA, 50pA, and

finally 30pA for a final polishing step. Overall, the cross-

sectioning routine for a * 100 lm long 9 15 lm wide 9

5 lm deep trench took approximately 5 hours to complete.

The milling was paused by an automated algorithm to take

secondary electron images of the specimen in the process

of cutting to gain further information. Figure 1 shows a

time-lapse view of the ion-milling process (animation

available online) at Stony Brook University. At intervals

through the Fig. 1(e.g., a2, a3) one can see the quality of the

Fig. 1 Time-lapse images of the FIB-milling process for a 7YSZ

splat deposited atop 316L stainless steel. (a1–a6) show iterative points

along the ion-milling process, illustrating the trench cut (a1–a3),

medium polish (a4), and fine polish (a5–a6). A final macro-view SEM

image of the milled splat is shown in (b). A time-lapse animation of

this Figure is available online

Table 1 Summary of APS deposition parameters (Ref 24, 33, 34, 44-48)

Condition Argon flow rate, slpm Hydrogen/helium? flow rate, slpm Spray current, Amp Standoff distance, mm Raster speed, mm/s

1x,y (TBCs) 47.5 6 550 60 1500

2*,x (EBC-A) 75 9 380 200 1500

3*,x (EBC-B) 75 9? 480 200 1500

4*,y (EBC-C) 49 1 325 90 1500

*Cascaded plasma torch.
xSprayed at Stony Brook University, CTSR.
ySprayed at Forschungszentrum Jülich GmbH., JTSC.
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trench-wall is poorly defined due to resputtering and ion

damage. The subsequent steps that this modified method

proposes e.g., Fig. 1(a4–a6) are among the standout

achievements of this method. At the Forschungszentrum

Jülich, this FIB-milling method was further refined. The

final FIB-milling parameters were divided into two pro-

cesses, each using a different Ga ion beam current. The

initial trench was cut with 30 kV 7nA beam, and was then

further cleaned with 30 kV, 1.5nA beam. In total, the

trench cuts and polishing amounted to a total of 45 to 60

minutes per cut. Unless otherwise stated in this paper, a

platinum overlay coating was again foregone based off the

learnings at the Stony Brook FIB-SEM.

Fig. 2 Plasma-sprayed splats on representative substrates. (a–c) show

7 wt.% YSZ (d–f) show Y2O3 (g, h) show Gd2Zr2O7. A set of

Yb2Si2O7 splats sprayed onto a silicon bond coat are shown in (i, j)

for comparative purposes. Boxes indicate regions where high-

magnification images were taken. Arrows in (a, d, g) indicate regions

that show evidence that there are two successively deposited splats

atop one another. Arrows in (b, c, f, h) trace the crack path in the

cross-section
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Results and Discussion

Baseline Microstructures: TBCs and Yb2Si2O7

EBCs

Figure 2 shows the microstructure of several examples of

APS ceramic splats deposited on representative substrates

using processing conditions from Table 1. Many FIB cross-

sections were conducted on all systems, and what is shown

here are representative images of the overall findings.

Unlike past FIB-splat studies, it is clear from the Fig-

ure that a platinum overlay coating was not needed to

protect the surface from damage (Ref 12, 35-37). In addi-

tion, the ion-beam induced artifacts (extension of milling

depth at crack sites, redeposition, edge-rollover) can

clearly be seen as limited and constrained within only the

substrate material. In other words, there was no evidence of

milling-induced artifacts to change the appearance of the

ceramic cross-sections. Figure 2 effectively serves as a

reference for the remainder of the results shown in this

study for what a ‘baseline’ FIB-milled splat microstructure

would be for a given material system.

The Figure shows distinct differences in splat topogra-

phy and cross-sectional microstructure which might be

considered to be material-dependent. For instance, the

crack-opening displacement (COD) of the through-thick-

ness channel cracks in the 7 wt.% Yttria Stabilized Zir-

conia (7YSZ) and the Gadolinium Zirconate (Gd2Zr2O7,

GZO) are both considerably wider than the pure yttria

(Y2O3) splats. This can especially be seen in all the high-

magnification images. Moreover, Fig. 2(i), (j) shows

plasma-sprayed Yb2Si2O7 splats on a silicon bond coat—

demonstrating as mentioned in the introduction that

plasma-sprayed EBC splats do not have a tendency to

crack.

In the three TBC/ceramic cases, the location of the

cross-section is clearly one which contains multiple splats

(likely two, assuming a splat thickness of 0.7-1.0 lm)

successively deposited atop one another. From this, several

observations can be made about the nature of mudflat

cracking in successively deposited splats. In the case of

7YSZ and GZO, crack correlation seems to occur without

significant bifurcation (Fig. 2b, h). Interestingly, in the case

of Y2O3, the correlated cracking appears bifurcated at the

interface between the two splats. Figure 2c shows an

example wherein entrapped porosity between splats could

inhibit correlated cracking.

These findings on the crack morphology of splats from

different ceramics deposited on the same substrate material

upon similar deposition conditions (similar deposition

temperatures, particle states, etc.) also has important

implications when considering the formation and growth of

splat microcracks. If it is assumed the microcracks nucleate

and open during rapid quenching, solidification, and ulti-

mately cooldown to deposition temperature, where stresses

are proportional to the thermal mismatch strains,

rquench � EDaDT , then 7YSZ, Y2O3, and GZO—with

similar stiffnesses and thermal expansion coefficients—

should exhibit similar microcrack features (Ref

6, 24, 44, 49). However, this is clearly not the case as

shown in the Figure (i.e., different crack spacing, crack

opening displacement, etc.).

Of course, this rudimentary analytical approach is lim-

ited, as it does not consider the energy release rates that

drive microcracking nor the difference in fracture tough-

ness, Gc, values of the ceramic splats (Ref 25-27), which

can influence the propensity and evolution of microcracks.

Furthermore, this approach cannot accurately describe the

stresses induced when a second splat is deposited onto a

pre-solidified first splat. For this, it would be necessary to

consider the heat transfer during second splat solidification

and the complex stress states that arise from a fully-molten

second splat landing atop a pre-cracked solid first splat.

The analytical and finite element methods needed to

ascertain this information are beyond the scope of this

paper.

Observation of Embedded Porosity within Yb-

Silicate Splats

Beyond the results shown by the FIB-milling process in

Figure 2, a complimentary experiment was conducted at

the Forschungszentrum Jülich wherein a similar plasma

process was used to deposit fully-amorphous YbDS splats

both on mirror-finished silicon bond coats and mirror-fin-

ished YbDS EBCs, shown in Fig. 3. It is important to

identify that these two specimen shown here were sprayed

at the exact same time in the same robot toolpath—and the

position of the images taken relative to the sample surface

are self-consistent i.e., geometrically centered within the

spray plume. Thus, it is surmisable that the particles at this

location shown in the images are (before impact) at nearly

the same state.

From Fig. 3(a) and (a1), some key insights can be drawn.

First, the tendency for the YbDS splats to spread and

channel-crack is higher when deposited atop YbDS as

compared to Si. This could be due to the presence of

underlying microcracks in the EBC where the splats

impact—which could act as stress concentration sites to

initiate channel-cracking of the splats during solidification

(similar to what was observed in Fig. 2 with duplex crys-

talline ceramic splats). Second, the splats in Fig. 3(a) and

(a1), seem to show microscopic pores within the solidified

droplets. Evidence of these ‘nanopores’ was identified by
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Qu et al. when examining metallic Ni splats on preheated

stainless steel substrates (Ref 50, 51). In these studies, the

authors theorize the molten droplets are entrapping gas

inflight, and then upon impact, depressurization leads to

rapid nucleation of bubbles at the splat/substrate interface

(Ref 50, 51). Since then, numerical and high-resolution

imaging investigations of the phenomenon have validated

some of these hypotheses (Ref 52, 53).

Comparing Fig. 3(a) with Fig. 3(a1), the pore area

fraction and pore shape on the EBC splats appears to

change. This could be related with the higher thermal

conductivity of Si relative to the EBC, enhancing the heat

transfer from the molten YbDS splat thereby increasing the

cooling and solidification rate before most of entrapped

gases can escape. Similarly, Qu et al. showed when

spraying Ni on Cu substrates, the nanopores decreased in

size, presumably due to the higher thermal conductivity of

the substrate enhancing the solidification rate and thereby

inhibiting bubble coagulation (Ref 50).

When the amorphous splats are crystallized (Fig. 3b, b1,

c, c1), they exhibit stresses (likely due to constrained vol-

ume change) which drive delamination/peeling when on

silicon bond coats, but conversely drive increased COD

when sprayed onto YbDS directly. Figure 2(j) clearly

demonstrates that despite the seemingly-good adherence of

YbDS splats on mirror-finished Si bond coats, they are

already pre-delaminated at the splat edges. Moreover, the

individual crystallized YbDS splats each have a unique

grain structure and backscatter contrast, especially in

Fig. 3(c), which is assumed to be a consequence of the

inflight chemical shift.

From the results of Fig. 2(i), (j) and 3, an easy misin-

terpretation would be that the first YbDS splats sprayed on

Si are intrinsically denser than their subsequent counter-

parts. However, this could be misleading especially in

viewing the FIB-milled splat in Fig. 2(j), due to the pos-

sibility of redeposition/re-sputtering of material during ion

milling. Time-lapse imaging during milling of plasma-

sprayed EBC splats sprayed at Stony Brook revealed

otherwise hidden features.

Figure 4 and 5 show time-lapse progressions of the FIB-

milling process done on single APS ytterbium disilicate

(Yb2Si2O7, YbDS) splats. Animations of these time-lapse

millings are available online. It is assumed these two splats

shown should be equivalently amorphous due to equivalent

solidification rates (Ref 33, 34). These two splats also are

deposited from plasma plumes of equivalent molten con-

tent (Ref 54). From the two Figures, it would seem the

processing gas mixtures play an important role on the

intrinsic microstructure of the individual splats. In the case

of the Ar-H2 splat, there is significantly less embedded/

entrapped porosity than in the case of the Ar-He splat.

Furthermore, from the top-surface viewing before milling,

the splats observed in Fig. 4(a) and 5(a) are morphologi-

cally quite similar (no cracking and no presence of

unmolten/semimolten particulates within the splats).

Thus, if the particle temperatures/velocities were the

same, and if the deposition temperatures were the same, the

Fig. 3 Yb2Si2O7 EBC splats sprayed on mirror-finished plasma-sprayed Si bond coats (a, b, c) and mirror-finished Yb2Si2O7 EBC coatings (a1,

b1, c1). Both the as-sprayed (a, a1) and crystallized/heat-treated (b, b1, c, c1) splats are shown here. The same sample was utilized for all images
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only substantial difference in the deposition conditions to

be noted here is the presence (or lack) of hydrogen in the

plasma gas mixture. Therefore, it seems clear that when

using Ar-He plasmas, there is a higher tendency to observe

splats with significantly higher embedded porosity.

The approach outlined by Qu et al. and followed by Han

et al. imply a sensitivity of bubble retention and formation

to melt viscosity (Ref 50-52). In the case of a plasma-

sprayed Ni splat, it is reasonable to assume a single value

for viscosity. However, in the case of plasma-sprayed sil-

icates, there is a higher propensity for individual droplet-to-

droplet chemical shift (also visible in Fig. 3). Those dro-

plets which are SiO2-lean would be supposed to have less

viscosity compared to their SiO2-rich counterparts. Con-

sequentially, as described by Qu et al., these lower-vis-

cosity (more volatilized, SiO2-lean) melts would be more

prone to outwardly diffuse gas (Ref 50, 51). This might

explain why the Ar-H2 splats are significantly less porous

than the Ar-He counterparts, however there are also dif-

ferences in the viscosity of gaseous H2 and He in molten

magmatic silicates that should be considered in future

research on this topic (Ref 55-58). Nevertheless, this is a

fundamental research problem that has direct implications

on the microstructure of EBCs and warrants further dedi-

cated study.

Observation of Viscous Flow During Impact

and Solidification of Molten 7YSZ on Amorphous

Yb2Si2O7

Recently, it has been shown that despite high-CTE mis-

match strains, it is possible to plasma-spray a TBC atop an

EBC if and only if the underlying EBC is amorphous prior

to spraying the TBC (Ref 45, 59). The working hypothesis

as to what drives this enhanced cohesion between TBC and

EBC is a rapid interdiffusion of ionic species during TBC

rapid solidification. However, there is limited proof to

support this at present. An experiment using this modified

ion-milling approach was carried out in an attempt to

support the interdiffusion hypothesis.

Figure 6 shows the microstructure of a plasma-sprayed

TBC splat deposited atop a preexisting amorphous YbDS

EBC splat, all atop a silicon bond coat. Evidently from the

Figure, there are massive CTE-driven strains during cool-

down to room temperature that cause the 7YSZ splat to

‘lift’ off the substrate material. However, even in

Fig. 6(a1), (a2), from a top-down view, a distinct bright-

phase can be seen protruding along a surface crack. Tilted

secondary electron imaging in Fig. 6(b1), (b2) also support

the evidence of a secondary species protruding through the

surface crack. Upon FIB-sectioning the material (Fig. 6c1,

c2), it becomes clear that indeed the underlying YbDS

Fig. 4 Time-lapsed SEM images of APS Ar-H2 ytterbium disilicate

(Yb2Si2O7) splats deposited on mirror-polished Si wafers. (a–c) show

the progression in time during FIB milling, revealing entrapped

porosity. The direction of ion-beam milling in the images is moving

toward the top of the image

Fig. 5 Time-lapsed SEM images of APS Ar-He ytterbium disilicate

(Yb2Si2O7) splats deposited on mirror-polished Si wafers. (a–c) show

the progression in time during FIB milling, revealing entrapped

porosity. The direction of ion-beam milling in the images is moving

toward the top of the image
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amorphous splat was essentially ‘pulled’ or extruded into

the crack developed in the 7YSZ splat.

Some literature suggests that for silicate melts/glasses,

the relative rate of temperature change as a function of time

can substantially influence the change in viscosity. Sub-

sequently as the silicate becomes less viscous and more

mobile, it becomes subjected to ‘viscous heating’ due to

the sudden release of stored energy in the system (Ref 60-

62). This is the crux of the working hypothesis of what

drives the observed cross-section seen in Fig. 6. The

impacting molten 7YSZ splat transfers its heat during

solidification to the underlying glassy YbDS splat, rapidly

raising it toward its glass transition temperature Tg and

‘extruding’ the less-viscous-solid wherever there is open

space. The extrusion subsequently further raises the glass

temperature by viscous heating, but evidently not to an

extent wherein the glassy material crystallizes and becomes

immobile. A Yb-M EDS map taken at the same location is

shown in Fig. 6(c3) to illustrate the viscous mobility of the

YbDS splat upon 7YSZ impact.

EDS analysis also showed that there is the presence of

Zr (not shown here) within the protruding glass, in between

the two zones of 7YSZ splat material—suggesting and

corroborating the interdiffusion theory. The FIB-sectioning

also revealed that the cohesive integrity is quite high

between the 7YSZ and amorphous YbDS, despite the

clearly large strains causing the material to physically lift

off the substrate. Finally, embedded and entrapped porosity

in the amorphous YbDS splat can again be seen, in

corroboration with what has been shown throughout this

study. As in the prior case studies, the refinement of a

modified FIB milling approach, specifically catered toward

the preservation of individual thermally-sprayed splats, has

allowed otherwise unattainable insight toward one of the

key driving mechanisms of adhesion between a TBC

material plasma-sprayed onto an amorphous EBC.

Conclusions

This work has demonstrated the development of a new

approach to conventional Focused Ion-Beam milling.

Using this modified approach, it is possible to elucidate

meaningful information from plasma-sprayed splats that

would otherwise not be known. Unlike traditional FIB-

milling, it was shown here that a platinum overlay is not

usually required—which is advantageous to the experi-

mentalist in allowing the correlation between surface and

cross-sectional features (i.e., microcracking). Additionally,

this modified approach has further advantages in that high-

quality cross-sections of splats can be obtained in signifi-

cantly less processing time than past studies that have

explored this technique.

The findings in this work have shown that in polycrys-

talline TBC ceramics, there is a tendency for splat-to-splat

microcrack correlation during successive impact and

solidification. The correlation of through-thickness micro-

cracking in successively deposited splats was also seen to

Fig. 6 7YSZ splat plasma-sprayed atop amorphous Yb2Si2O7 splats

atop a mirror-polished silicon bond coat (a, b1). A high-magnification

view of the glass-protrusion is shown in backscatter in a2 and

secondary imaging in b2. (c1, c2) show the final FIB cross-section of

this location of interest is shown in InLens mode. A platinum overlay

coating was applied to this cross-section to protect the integrity of the

protruding glass through the 7YSZ splat crack. A Yb-M EDS Map

taken at 8 kV accelerating voltage at the same magnification as (c2) is

shown for reference in (c3)
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be material-dependent. In addition, this modified FIB-

milling methodology unveiled unexpected insights on one

source of porosity in APS EBCs. When examining Ar-H2

and Ar-He sprayed ytterbium silicate splats, it was found

that the Ar-He splats retain a significantly higher amount of

embedded porosity. This was theorized to be in relation to

the viscosity and diffusion coefficients of inert gases in

silicate melts—that helium has a significantly higher dif-

fusivity than other gases. Further splat analysis of plasma-

sprayed EBC coated systems from different sites and by

different methods supported the assumption of process gas

entrapment.

It was also shown that this modified FIB-milling/SEM-

EDS approach can offer advantageous analytical tools to

characterize new and emerging coatings such as Thermal-

Environmental Barrier Coatings. With this technique, the

interdiffusion of species during deposition can be better

characterized.

Ultimately this study strives to serve as a framework to

inspire future works that may utilize this modified tech-

nique to gain meaningful information from their processes

about the fundamental formation dynamics of thermally-

sprayed coatings. Not shown here due to lack of available

data was a side-by-side comparison of the ‘‘more conven-

tional’’ milling methods with this new modified method.

Future work could focus on previously analyzed systems

e.g., those referenced in this article—revisited with this

modified milling method. In revisiting, new conclusions

about the formation dynamics of these systems due to the

minimization of a Heat Affected Zone and/or redeposition

by ion milling might be garnered. Conceivably, this mod-

ified technique could be transferred to any type of rapidly

quenched droplet on a substrate and is not limited to

plasma-sprayed ceramic splats.
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