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Summary 
Environmental barrier coatings (EBCs) play a vital role in 

protecting advanced turbine components constructed from ceramic 
matrix composites. EBC performance is evaluated based on many 
factors such as mechanical and thermal properties and chemical 
stability. This study focuses on the mechanical properties of 
individual phases within a HfO2-Si EBC through the combined use 
of chevron-notched microcantilevers and finite element modeling. 
The Si- and HfO2-rich phases were found to have fracture 
toughness KIC values of 1.36±0.07 MPa·m1/2 and 1.99±0.36 
MPa·m1/2, respectively. Despite irregular notch geometry, 
calculated KIC values agreed reasonably with literature values of 
monolithic samples for the respective phases. The relatively large 
scatter in the HfO2-rich samples is attributed to heterogeneity in 
fracture feature size and distribution of the HfO2 and HfSiO4 

phases. Comparisons with bulk single-edge V-notched beams 
suggest bulk behavior is dictated by the fracture behavior of the Si-
rich phase with no contribution from the HfO2-rich phase. 

1.0 Introduction 
Ceramic matrix composites (CMCs) are enabling cleaner, 

more efficient aircraft engines. These materials are primarily 
targeted as components for the hot section of turbine engines, 
with capabilities set by inlet temperatures. CMCs with 1,315 °C 
capability began flying in commercial aircraft engines in the year 
2016. NASA is currently developing CMCs and environmental 
barrier coatings (EBCs) with greater temperature capabilities (up 
to 1,482 °C), which would both reduce fuel burn by ~6 percent 
and decrease emissions. However, CMCs suffer significant 
recession (material loss) with exposure to turbine conditions. To 
mitigate recession, CMCs are protected with EBCs (Ref. 1). The 
performance of the advanced EBCs is multifaceted with 

consideration given to thermomechanical stresses, creep 
resistance, temperature-dependent mechanical properties, 
environmental and chemical stability, and thermal properties 
(Refs. 1 to 3). HfO2-Si is one EBC bond coat system that has been 
developed with higher temperature capability and improved 
strength and stability for 2,700 °F EBC applications (Ref. 3). 
EBCs, often composites themselves, exhibit complex mechanical 
behavior involving multiple failure mechanisms similar to 
traditional ceramic composites (Ref. 4). Traditional macroscale 
tests can provide effective mechanical properties, but they offer 
limited information on the contributions of individual phases 
within the EBC. Alternatively, microscale tests yield local 
microstructure properties that enable better microstructure 
development for optimized effective properties. Several studies 
have employed such micromechanical tests to measure the 
mechanical properties of coatings (Refs. 5 to 7). 

Microcantilever beams machined by a focused ion beam 
(FIB) are among the most popular test specimens for 
performing microscale mechanical experiments and discerning 
otherwise unobtainable local microstructure properties. For 
example, microcantilevers were utilized by Gong and 
Wilkinson to study the critical resolved shear stress of an α-Ti 
alloy (Ref. 8). Also, Tatami et al. studied the grain boundary 
toughness of Si3N4 ceramics with different rare earth additives 
and their effect on crack-growth-resistance (R-curve) behavior 
(Ref. 9). When employing FIB-machined specimens it is 
important to consider the effect that ion milling has on the 
specimen microstructure. FIB milling has been shown to induce 
microstructural changes such as amorphization and nucleation 
of dislocations and point defects as well as directly change 
mechanical properties through the development of residual 
compressive stresses from ion implantation (Refs. 10 and 11). 
To minimize these milling effects, multiple approaches have 
been developed. Sebastiani et al. developed a novel test 
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whereby a sharp Berkovich indenter is used to split a FIB-
milled micropillar (Ref. 5). The authors hypothesized that the 
majority of the cracked regions reside in the volume with 
sufficient distance from the milled surfaces. Alternatively, 
Mueller et al. tested chevron-notched microcantilevers where a 
sharp crack is nucleated at the apex of the chevron, and stable 
crack growth occurs prior to unstable fracture (Ref. 12). The 
extent of this stable crack growth ensures that all but the edges 
of the crack front are free from milling damage.  

This study utilizes FIB-milled chevron-notched 
microcantilever beams, as described in the literature (Ref. 13), 
coupled with finite element method (FEM) modeling to extract 
the fracture toughness of individual phases in a HfO2-Si 
composite EBC. Single-edge V-notched beam (SEVNB) 
testing of comparable bulk specimens was also performed for 
comparison with the microscale tests. 

2.0 Experimental and Numerical 
Methods 

HfO2-Si EBC specimens were prepared through a hot-press 
process using the NASA composition and particle size 
specification plasma spray coating powders (silicon-clad HfO2 
powders, designation AE10218, Oerlikon Metco, New York). The 
bulk HfO2-Si specimens were tested because of the advantages to 
obtain composite coating material overall mechanical properties, 
and then correlated and compared to the measured 
micromechanical properties obtained by the FIB microcantilever 
beam method. Raw composite coating powders of HfO2-Si 
(Oerlikon Metco) were inserted into a graphite die with the 
dimension of 50 by 76 by 10 mm, then heated to 1,350 °C in 
vacuum and subjected to 103.5 MPa (15 ksi) of pressure for 2 h 
processing. The hot-processed HfO2-Si composite plates were then 
machined to produce 3- by 4- by 50-mm bar specimens for 
microstructure characterization and mechanical property testing. 
Secondary electron (SE) images taken at 5 keV, were collected by 
a dual-beam microscope (Auriga, Carl Zeiss NTS GmbH). 
Backscattered-electron (BSE) microscopy images were collected 
by a Hitachi S4700 instrument operated at 25 keV. X-ray 
diffraction (XRD) (D8 Advance Diffractometer, Bruker) with Cu 
Kα radiation was done for microstructure characterization. 
Transmission electron microscopy (TEM) was performed with a 
FEI Image Corrected Titan3™ G2 60-300 S/TEM in scanning 
mode and operating at 300 keV. TEM sample preparation was 
done with standard dual-beam FIB methods, followed by 
Fischione 1040 argon ion milling.  

2.1 Microcantilever Experimental Method 
A Ga+ FIB (Auriga, Carl Zeiss) was used to machine 

chevron-notched triangular microcantilever beams rich in HfO2  
 

 
Figure 1.—Fabricated microcantilevers where L is length, LN is 

length to notch, LI is length to indent, W is width, H is height, 
aapex is length to chevron apex, aleft is length to left shoulder, 
lright is length of right shoulder, and a is length to crack front. 

 
or Si phases, using methods similar to those described in the 
literature (Ref. 13). Rough cuts, fine cuts, and notching were 
performed at 2 nA, 600 pA, and 10 pA beam currents, 
respectively. A chevron notch was desired for the purposes of 
allowing a “pop-in” event to occur followed by stable crack 
growth prior to unstable fracture. Figure 1 shows a schematic 
of a typical resultant microcantilever and a section view of the 
notch geometry. Although a full chevron was the desired 
geometry, the samples typically possessed an undercut chevron 
with shoulders of heights aleft and aright, with aleft not necessarily 
equal to aright. For samples with this undercut chevron, unstable 
fracture is expected at a crack length of either aleft or aright, 
whichever is longer. At this point, the crack front will not only 
extend abruptly, but also represent the point of the widest crack 
front beyond which the crack front width will decrease. In 
practice, crack stability is complex and involves consideration 
of specimen geometry, tester compliance, and material 
toughness; this will be discussed more in Sections 3.2 and 4.1. 
An in situ PicoIndenter 85 (Hysitron, Inc.) was used to position 
a 30-nm-radius cube-corner diamond indenter tip (Refs. 14 and 
15) over the free end of a microcantilever and deflect the 
microcantilever under displacement control at a rate of 15 nm/s 
while recording load-displacement data and SE video. To 
correct for indenter penetration into each microcantilever, 
reference indents were performed in each phase, and the 
average displacement for a given load was subtracted from the 
load-displacement data collected during the testing. Posttest 
fracture surfaces were inspected for notch dimensions and 
phase fracture mechanisms. 
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2.2 Microcantilever Numerical Method 
ABAQUS 6.14 (Dassault Systèmes Simulia Corp.) was used 

to model each tested microcantilever. As each beam varied 
slightly in dimensions, measurements of the dimensions of each 
beam pretest and posttest were used for their respective models. 
The elastic moduli of each beam was inputted according to its 
respective phase: 169 GPa for the HfO2-rich phase and 171 GPa 
for the Si-rich phase as measured by nanoindentation. Encastre 
boundary conditions (i.e., fixed in all degrees of freedom) were 
placed on the fixed end of the beam, whereas the free end along 
the top edge was prescribed a uniform displacement downward.  

For each microcantilever, two separate simulations were 
performed. The notched, but uncracked, specimen geometry was 
loaded to the experimental elastic limit to ensure that the 
calculated compliance fit the experimental compliance. This 
simulation served as a check that the microcantilever model 
dimensions were indeed correct. This model was meshed using 
second-order hexahedral elements without mesh refinement near 
the chevron notch, as the global load-displacement response 
should depend minimally on the accuracy within this small 
region (Ref. 16). A model was then generated with a crack length, 
a, corresponding to the position of widest crack front according 
to the fractured surface. For most specimens, this crack length 
corresponded to either aleft or aright depending on which was the 
longer of the two. This model was prescribed the displacement 
recorded at maximum load after a pop-in event had occurred. For 
one specimen that had a full chevron notch, a best judgement was 
made based on the fracture surface as to the position of the crack 
front at the desired load.  

The cracked model was meshed with second-order tetrahedron 
elements outside the crack tip region (Figure 2(a)) and in the 
crack tip region, a cylinder of concentric rings of second-order 
hexahedral elements with an inner ring of second-order 
degenerate hexahedral elements at the crack front (Figure 2(b)). 
The cylindrical mesh of the crack tip was limited to a fraction, 

typically between 0.7 and 0.9, of the total width of the crack front 
because of limitations in the native meshing algorithm for 
producing a symmetric structured mesh of concentric rings with 
out-of-plane boundaries. 

To generate the r–1/2 singularity found in linear elastic 
fracture mechanics, the midpoint nodes were moved to ¼ 
position between crack tip nodes and the adjacent vertex nodes 
of second-order degenerate hexahedral elements with the crack 
tip side collapsed to a single edge (Ref. 17). The calculation of 
the mode I stress intensity factor, KI, was performed using 
contour integrals in the focused mesh region around the crack 
tip for an assumed crack propagation direction in the direction 
of loading. As in Reference 18, the J-integral is defined as  

 ud T dJ W y s
x

G

¶
= -

¶ò
%

%  (1) 

where G is the closed loop around the crack, W is the strain 
energy density function, T%  is the outward normal traction 
vector, and u%  is the displacement vector. For linear elastic 
materials J is path independent and J = G, where G is the strain 
energy release rate, and is related to the mode I, II, and III stress 
intensity factors KI, KII, and KIII, respectively, by 

 ( ) ( )
2 2

2 2 2
I II III

1 1J G K K K
E E

- n + n
= = + +  (2) 

where n is the Poisson ratio and E is the elastic modulus  
(Ref. 18). The fracture toughness KC for each sample is 
determined by the mean KI of the final contour integral at each 
point along the crack front. In general, mixed-mode problems 
require the use of interaction integrals (Ref. 19) for 
determination of individual contributions of KI, KII, and KIII, but 
under pure bending KII and KIII contributions are negligible and 
are not considered here. 

 

 
Figure 2.—Microcantilever model mesh composed of second-order tetrahedral elements. (a) Full microcantilever model. 

(b) Structured, focused mesh at crack tip composed of concentric rings of second-order hexahedral elements with ring 
of second-order degenerate hexahedral elements at crack tip. 
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2.3 Single-Edge V-Notched Beam 
Experimental Method 

Three bulk SEVNB specimens of nominal dimensions 3 by 5 
by 25 mm with a sawn V-notch of nominal crack length:height 
ratio a/w of 0.2 were tested under four-point bending with 10 
and 20 mm inner and outer spans, respectively. Tests were 
performed on a screw-driven load frame (Instron 8562) in 
displacement control at a displacement rate of 0.25 mm/min. 
Fracture toughness was evaluated according to ISO 23146  
(Ref. 20). 

3.0 Results 
Results from the microstructure analysis of the Hf-SiO2 

systems by SEM and high-resolution TEM (HRTEM) analyses 
are presented as are results from the mechanical tests and 
numerical analyses of the microcantilever and SEVNB 
specimens. 

3.1 Microstructure Characterization 
The resultant microstructure (Figure 3) included two primary 

phases composed of Si and HfO2-HfSiO4. 
The hafnia phase was composed primarily of hafnia, HfO2 (or 

a small amount of Si-soluble HfO2), and a small amount of 
hafnium silicate, HfSiO4, also known as hafnon. The HfO2 
phase also contained a relatively small amount of porosity. As 
the hafnia and hafnon phases could not be easily separated in 
terms of mechanical testing, the phase containing both hafnia 
and hafnon is simply referred to as “HfO2-rich” for the 
remainder of the report. The Si-rich phase also contained a 
small amount of HfO2-HfSiO4 inclusions. 

XRD analysis (Figure 4) confirmed the presence of cubic 
phase Si, monoclinic HfO2, and tetragonal HfSiO4. For Si, the 
lattice parameters were calculated to be a = b = c = 5.4293 Å; 
for HfO2 a = 5.12153 Å, b = 5.16580 Å, and c = 5.31384 Å; and 
for HfSiO4 a = b = 6.57231 Å and c = 5.97034 Å. Quantitative 
phase analysis calculated using whole pattern fitting (WPF) and 
Rietveld refinement method, resulted in estimations of  
70.3±0.4 wt% for Si, 24.9±0.2 wt% for HfO2, and 4.8±0.1 wt% 
for HfSiO4 phases. 

Figure 5(a) is a HRTEM image of the Si matrix. The splitting 
of the Si dumbbell atoms are clearly seen, with a <112> 
crystallographic orientation. Figure 5(b) is a HRTEM image of 
the HfO2-HfSiO4 composite structure, note that their interphase 
is not coherent. Figure 5(c) is a closeup of the region enclosed by 
the white square in Figure 5(b), which reveals (101) Hf(SiO4) 

fringes with an interplanar distance of 4.52 Å, which further 
confirms the tetragonal structure of HfSiO4. Figure 5(d) is a 
closeup of the region enclosed by the black square in Figure 5(b). 
Similar analysis reveals the (111) HfO2 monoclinic interplanar 
spacing of 2.83 Å.  

3.2 Microcantilever Experimental Results 
Typical HfO2- and Si-rich phase microcantilever beams of 

nominal dimensions 17 µm length by 3 µm width by 4 µm 
height are shown in Figure 6 with Table I tabulating the 
dimensions of the seven successfully tested samples.  

 
 
 

 
Figure 3.—Scanning Electron Microscope (SEM) images of 

hot-pressed HfO2-Si microstructure. Light phase is composed 
of HfO2 and HfSiO4, and dark phase is Si rich with HfO2 and 
HfSiO4 inclusions. (a) Low-magnification secondary electron 
(SE) micrograph. (b) Backscattered SE micrograph.  
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Figure 4.—X-ray diffraction intensity versus 2θ for hot-pressed HfO2-Si, showing presence of cubic Si, monoclinic 

HfO2, and tetragonal HfSiO4. 
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Figure 5.—High-resolution transmission electron micrographs (HRTEMs) of hot-pressed HfO2-Si. (a) Si matrix. (b) HfO2-

HfSiO4 inclusions. (c) Closeup of HfSiO4 structure in (b) showing 4.52-Å spacing of (101) plane. (d) Closeup of HfO2 
structure in (b) showing 2.83-Å spacing of (111) plane. 
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Figure 6.—Typical machined HfO2-Si microcantilever beams. Nominal dimensions of 17 µm length by 3 µm width by 4 µm 

height. (a) HfO2-rich phase. (b) Si-rich phase.  
 
 
 

TABLE I.—HfO2-HfSiO4 MICROCANTILEVER SPECIMEN DIMENSIONSa 
Specimen Height, 

H, 
mm 

Width, 
W, 
mm 

Length, 
L, 

mm 

Length to 
notch,  

LN, 
mm 

Length to 
indent, 

LI, 
mm 

Chevron precrack dimensions 

Length to apex, 
aapex, 
mm 

Length to left 
shoulder, 

aleft, 
mm 

Length to right 
shoulder, 

aright, 
mm 

Si-rich 1 3.24 2.92 18.11 2.39 17.47 0.49 1.21 1.21 

Si-rich 2 4.63 3.56 15.73 3.38 15.12 0.61 1.57 1.57 

Si-rich 3 4.31 3.41 17.22 3.04 16.32 0.62 1.49 1.85 
Si-rich 4 4.08 3.31 17.40 2.69 15.93 0.65 1.56 2.03 

HfO2-rich 1 3.27 3.22 16.34 2.18 15.36 0.91 1.38 1.57 

HfO2-rich 2 4.73 3.97 16.69 3.26 15.31 0.98 1.41 1.70 

HfO2-rich 3 3.59 2.43 17.46 3.35 15.79 0.60 1.84 1.62 
aDimensions listed in Figure 1. 

 
 



NASA/TP—2018-219517 8 

 
Figure 7.—Corrected load-displacement curves for tested 

HfO2-Si microcantilevers.  
 
 
Video recordings alongside load-displacement data (see 

supplementary information) during each test confirmed that 
pop-in events corresponded to jumps in crack mouth opening 
displacement that indicate subcritical crack growth. Figure 7 
plots the corrected load-displacement data (see Sec. 2.1 for 
correction procedure) for the seven successfully tested 
microcantilevers, where the different colors represent 
individual microcantilevers. Note the common features of pop-
ins among all samples and stable crack growth beyond a 
maximum load in a few samples. Among all of the samples, a 
couple recurring features were found: First, pop-in events of 
varying magnitude were found in all samples with some 
samples having two pop-in events. Second, some samples 
exhibited decreasing load with increasing displacement, 
indicating crack stability under displacement control. Although 
the main features of the load-displacement curves were similar, 
the variations in number of pop-in events and presence or 
absence of crack stability beyond a maximum load could most 
likely be attributed to the variations in initial crack geometry 
and/or phase properties and subsequent propagation. 

Figure 8 compares the fracture surfaces of HfO2-rich and Si-
rich microcantilevers; the red lines indicate the crack front 
position that was modeled. In most cases, the chevron was not 

fully cut, which resulted in an irregular geometry. This irregular 
geometry consisted of an undercut chevron with shoulders that 
may or not be of the same height. Pop-in events on the load-
displacement plot (Figure 7) represent nucleation of a sharp 
crack at the apex of the chevron, and further crack extension 
will be accompanied by an increase in load. Once the crack 
front reaches a shoulder where the crack front abruptly 
increases in width, an increase in load is required to continue 
crack extension. The crack front is widest at this point and will 
correspondingly sustain the highest load. The most prominent 
difference between the HfO2-rich and Si-rich phases is the type 
of fracture they undergo: intergranular fracture in the HfO2-rich 
phase and cleavage in the Si-rich phase. In the HfO2-rich phase 
exists small grains, on the order of 100 nm in diameter, which 
contribute greatly to promoting intergranular fracture, whereas 
the micron-sized grains in the Si-rich phase promote 
transgranular cleavage. The low phase contrast of the fracture 
surfaces prevented determination of the individual roles played 
by the HfO2 and HfSiO4 phases during fracture. 

3.3 Microcantilever Numerical Results 
Table II lists the numerical inputs of crack length a 

determined from the specimen fracture surfaces; displacement 
Δ recorded at the maximum load Pmax after a pop-in; and the 
apparent experimental compliance Cexp at this point for each 
specimen and the corresponding KC, Pmax,FEM, and apparent 
CFEM for the respective FE models with the imposed 
displacement Δ as well as the CFEM error. The CFEM error was 
defined as (CFEM – Cexp)/Cexp ´ 100. In general, the crack length 
was taken to be the longer of aleft or aright as listed in Table I, 
except in two specimens, Si-rich cantilever 4 and HfO2-rich 
cantilever 3. For these specimens, it was found that the CFEM 
error at crack lengths of aleft or aright were much too large. As 
such, the most likely positions of the crack fronts were then 
chosen based on the features of the fracture surface as shown in 
Figure 8. Although this approach seemed to work for HfO2-rich 
cantilever 3, the CFEM error for Si-rich cantilever 4 is still greater 
than 10 percent and its KC may be erroneous. This process is not 
strictly rigorous and may result in additional error to the 
calculation of KC. 
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Figure 8.—HfO2-Si microcantilever fracture surfaces (Tables I and II). Red lines indicate position of crack front used 

in finite element models. (a) HfO2-rich cantilever 1. (b) HfO2-rich cantilever 2. (c) HfO2-rich cantilever 3. (d) Si-rich 
cantilever 1. (e) Si-rich cantilever 2. (f) Si-rich cantilever 4.  

 
 

TABLE II.—EXPERIMENTAL AND NUMERICAL RESULTS FOR HfO2-Si MICROCANTILEVER BEAM SPECIMENS 
Specimen   Experimental Numericala 

Crack length, 
a, 

µm 

Maximum 
load, 
Pmax, 
µN 

Displacement, 
Δ, 
nm 

Compliance, 
Cexp, 

nm/µN 

Maximum 
load, 

Pmax,FEM, 
µN 

Compliance  
(percent error), 

CFEM, 
nm/µN 

Fracture 
toughness, 

KC, 
MPa·m1/2 

Si-rich 1 1.21 74.5 476.4 6.4 70.7 6.7 (5.3) 1.43 
Si-rich 2 1.57 143.0 281.5 2.0 144.7 1.9 (–1.2) 1.36 

Si-rich 3 1.85 131.1 341.4 2.6 128.3 2.7 (2.2) 1.27 

Si-rich 4 1.20 100.2 327.3 3.3 89.8 3.6 (11.6) 1.36 

HfO2-rich 1 1.57 57.5 470.0 8.2 56.7 8.3 (1.3) 1.55 
HfO2-rich 2 1.70 339.1 366.0 1.1 326.5 1.1 (3.9) 1.87 

HfO2-rich 3A 1.32 84.9 566.5 6.7 86.7 6.5 (–2.1) 2.18 

HfO2-rich 3B 1.62 80.6 697.0 8.6 79.3 8.8 (1.6) 2.37 
aFrom finite element method (FEM) analysis using ABAQUS (Dassault Systèmes Simulia Corp.). 
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Table III gives KIC, taken as the average KC, and average CFEM 
error for the HfO2-rich and Si-rich phase models. The low 
average and much higher error in the CFEM error is because the 
compliance of the model can be either higher or lower than its 
experimental counterpart. The HfO2-rich samples had a KIC of 
1.99±0.57 MPa·m1/2 compared with the lower value of 
1.36±0.10 MPa·m1/2 found for the Si-rich samples where the 
bounds are the 95% confidence interval. The larger toughness 
in the HfO2-rich samples is likely due to the intergranular 
fracture mechanism and the increased scatter from 
microstructural heterogeneity at the scale of the test specimens. 
The Si-rich samples, on the contrary, had slightly lower 
toughness, but considerably less scatter. KIC for both HfO2-rich 
and Si-rich phases match literature KIC values for monolithic 
samples of 2 MPa·m1/2 (Ref. 21) and 1.3 MPa·m1/2 (Ref. 22) for 
the respective phases, although the KIC for the Si-rich samples 
is at most 0.6 MPa·m1/2 higher than the literature values and 
could be due to the incomplete chevron having a significant 
portion of the crack front directly exposed to ion milling and, 
consequently, compressive ion implantation stresses (Ref. 7). 
The reported values for HfO2 involved monolithic HfO2 that 
contained no HfSiO4. 

A typical plot of calculated KI values found across the crack 
front is shown in Figure 9. A straight front exhibited slight 
lowering of KI with proximity to the sides of the 
microcantilever. This effect is likely due to the lowering of  
the constraint near the edges. The edges of the crack front 
approach a plane stress condition, whereas the center of the 
crack is under plane strain. Nevertheless, the effect is minimal 
and can be considered a small, ~0.01 MPa·m1/2, uncertainty in 
the average KC for the sample. The calculation of KI was stable 
through seven contours, lending confidence in the numerical 
accuracy of the final result. This behavior was observed in all 
samples. 

3.4 Single-Edge V-Notched Beam 
A typical load versus back-face strain plot collected during 

SEVNB testing is shown in Figure 10. Linear elastic behavior is 
observed prior to a slight nonlinearity prior to fracture. This 
nonlinearity may be evidence of stable crack growth prior to 
unstable fracture; however, this behavior was not investigated. 
KIC was calculated as the average of the three tested specimens 
and was 1.1±0.1 MPa·m1/2. A typical fracture surface is shown in 
Figure 11 where it is shown that the Si-rich phase fractured 
through cleavage and the HfO2-rich phase fractured 
intergranularly, the same mechanisms found in the 
microcantilever specimens. From the fracture surface, 
approximately 59 percent of the area consisted of the HfO2-rich 
phase, and the remaining 41 percent was made up of the Si-rich 
phase.  

TABLE III.—AVERAGE CALCULATED KIC AND LOAD 
PERCENT DIFFERENCE FOR SIMULATED HfO2 

AND Si PHASE MICROCANTILEVERSa 

Phase Mode I fracture  
toughness, 

KIC, 
MPa·m1/2 

Average error in 
compliance CFEM, 

percent 

HfO2-rich 1.99±0.57 0.08±3.94 

Si-rich 1.36±0.10 4.46±8.65 
aFinite element method (FEM) simulations performed 
with ABAQUS (Dassault Systèmes Simulia Corp.). 

 
 
 
 

 
Figure 9.—Calculated mode I stress intensity factor KI values 

across crack front for HfO2-Si microcantilever beams.  
 
 
 
 

 
Figure 10.—Typical load versus back-face strain collected 

during HfO2-Si single-edge V-notched beam testing. 
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Figure 11.—Fracture surface of bulk HfO2-Si single-edge 

V-notched beam specimen. Light color is HfO2-rich 
phase, and dark color is Si-rich phase. 

4.0 Discussion 
This section analyzes the results of the microcantilever beam 

tests and discusses the fracture toughness of HfO2-Si; 
specifically, the effects of crack geometry and microstructure 
as well as size of the test specimen and limitations of the test 
method. Finally, results are compared with those from the bulk 
specimen SEVNB tests.  

4.1 Crack Geometry Effect on Calculation of 
Fracture Toughness 

Typical fracture toughness test specimens, such as single-
edge notched beams or chevron notched beams, utilize well 
defined crack geometries for accurate determination of 
specimen fracture toughness. Because of insufficient milling, 
the starter notch of most test specimens had an irregular 
geometry. The authors’ hypothesized that this would severely 
affect and/or invalidate the tests; however, the consistent results 
of this study and their agreement with literature suggest that the 
irregular geometry did not significantly affect the results or 
conclusions. This suggests two possibilities: (1) Pop-in events 
produced crack fronts of fairly regular geometry; that is, a 
straight front or (2) Pop-in events produced irregular crack 
fronts, but the calculation of KI is relatively insensitive to this 
irregularity, possibly because of the irregularity’s size in 
comparison to the overall crack length. The fracture surfaces of 
the HfO2-rich specimens supports the former, whereas those of 
the Si-rich specimens support the latter. The incomplete milling 
of the chevron in most samples does suggest that the tested 
specimens were influenced by milling damage. The most 

important milling damage affecting the fracture toughness is 
mainly due to the implantation stresses that are compressive in 
nature and have been shown to reduce the effective stress at the 
crack tip, leading to a slight overestimation of KIC (Ref. 10). 

4.2 Microstructure Effect on Fracture 
Toughness 

The different fracture mechanisms observed in the HfO2- and 
Si-rich phases appear to have contributed to significantly 
different behavior at the microscale. The small scatter and 
cleavage fracture of the Si-rich samples does not indicate the 
existence of any toughening effect at the scale of the 
microcantilevers. However, the HfO2-rich samples, when 
compared with each other, exhibit a range of toughness values 
that appear consistent with R-curve behavior when viewing KC 
as a function of crack extension, where crack extension is defined 
as the distance between the apex of the chevron and the position 
of the crack front used in the FE models. Figure 12 shows this 
crack extension dependent toughening behavior as a pseudo-R-
curve. However, plotting KC as a function of the wake area results 
in this trend disappearing as shown in Figure 13. These plots vary 
from traditional R-curves in that their construction involves 
multiple samples with slightly different crack front and wake 
geometries rather than specimens with identical geometry. This 
difference could result in an R-curve of different shape as it has 
been found that measured R-curves are dependent on the wake 
region of an extending crack (Ref. 23). However, the 
experimental and numerical compliances match to within a few 
percent, and given that the FEM did not include wake-zone 
tractions, toughening from wake-zone tractions can be excluded 
as the cause of this behavior. For wake-zone tractions to be 
present, the model compliance for the same crack length would 
have to be significantly higher than experiment because the 
bridging stresses in the wake zone would reduce the compliance 
of the specimen. Knehans and Steinbrech found through 
renotching experiments that the removal of the wake zone of an 
extended crack would reduce the toughness back to its precrack 
extension value (Ref. 24). Further investigation conclusively 
proved the mechanism of R-curve behavior to be frictional 
contact of grains within the crack wake zone and that grain size 
has a significant effect on the magnitude of the toughening  
(Refs. 25 and 26). Hu and Wittmann found that this wake zone 
also contributed to changing the compliance of the specimen 
relative to a notched specimen of the same crack length (Ref. 27). 
Also, the lack of a rising KC with increasing wake area also casts 
doubt on the presence of R-curve behavior. For toughening 
behavior to be present, KC must rise with both crack extension 
and wake area.  

These explanations indicate that Figure 12 represents only a 
coincidental trend between crack extension and KC and would  
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Figure 12.—Pseudo-R-curve plot compiled with multiple 

HfO2-rich HfO2-Si samples. 
 
 

 
Figure 13.—Fracture toughness KC plotted as function of 

wake-zone area for HfO2-rich HfO2-Si specimens. 
 
 

 
Figure 14.—KC plotted against average feature size 

along crack front. Error bars represent standard 
deviation for each HfO2-rich HfO2-Si sample. 

disappear with a larger number of samples. However, a 
thorough investigation of R-curve behavior would require an 
additional study with identical specimen notch geometries to 
more accurately compare between samples, and ideally, 
compliance calibration of such specimens would enable the 
measurement of fracture toughness as a function of crack length 
for each specimen. 

One likely explanation for the scatter in KC is the 
heterogeneity in the HfO2-rich microstructure at the scale of the 
test specimens. Comparing calculated KC with the average 
feature size along the crack front (Figure 14) reveals an 
apparent trend of increasing KC with increasing feature size. 
Here, a feature is defined as being either a grain or cluster of 
grains that the crack deflected around. According to crack tip 
deflection models (Ref. 28), toughening is independent of 
particle size, provided the effect is averaged over the 
microstructure. Clearly, the scale of the specimens in relation 
to the grain size is too small to consider each tested specimen 
as having sampled a large enough area to be representative of 
the microstructure. The crack deflection angles appear to be 
larger in the case of the larger features and could account for 
the observed trend, but quantification is difficult with fracture 
surfaces compared with crack profiles. Mueller et al. tested 
nanocrystalline alumina with chevron–notched samples and 
observed little scatter, although their fracture surfaces appear 
more homogeneous in both shape and fracture features than the 
HfO2-rich samples in this study (Ref. 12). The source of this 
heterogeneity could be the distribution of HfO2 and HfSiO4 
within each specimen, although as stated before, the low phase 
contrast of the fracture surfaces prevented determination of 
their explicit roles. Though it is true that R-curve behavior has 
been found to depend on grain size, it seems unlikely that such 
a broad range in toughening between the tested samples would 
be expected for the relatively small change in feature sizes 
observed here. It is likely that the scatter in KC is due to a 
combination of fracture feature size and distribution of HfO2 
and HfSiO4. 

4.3 Method Limitations 
The measurement of fracture toughness at the microscale is 

inherently limited to capturing toughening mechanisms of the 
same or smaller scale than the test specimens (Ref. 29). This 
implies that the current method cannot capture effects that occur 
at dimensions larger than a couple of microns. These effects 
could include crack tip deflection at HfO2-Si phase boundaries 
and the possibility of intergranular fracture in the Si-rich phase, 
which could not be captured because of the larger grain sizes. 
Additionally, heterogeneity in the HfO2-rich microstructure 
appears to cause significant scatter in the results. Although the 
sample size of this study is small, an increased number of samples 
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would increase the confidence of a mean toughness, but not 
eliminate the core issue of the dimension of the test specimens 
relative to the microstructural heterogeneities. The dimension of 
the HfO2-rich phases, ~20 to 30 µm in diameter, in addition to 
their apparent heterogeneity, limits one’s ability to conduct a 
single test that reliably reproduces an average toughness. Instead, 
a range of values are to be expected depending on the specimen.  

4.4 Comparisons With Bulk Specimens 
SEVNB tests on a similarly prepared sample yielded an 

average KIC of 1.1 MPa·m1/2 (see Sec. 3.4). Comparison of the 
bulk tests and microscale tests offers two observations: First, 
the Si-rich-phase KIC of 1.36 MPa·m1/2 is ~24 percent larger 
than the bulk KIC, lending some evidence towards compressive 
ion implantation stresses artificially increasing the microscale 
fracture toughness. Second, the HfO2-rich-phase KIC of  
1.99 MPa·m1/2 is almost double that of the bulk KIC, although 
the lower end of the 95% confidence interval, 1.42 MPa·m1/2, is 
much more in line with the bulk specimens. Given that the bulk 
specimen fracture surfaces had ~60 percent HfO2-rich fracture 
and ~40 percent Si-rich fracture, the bulk fracture should be 
representative of the contributions from both phases. This then 
suggests that the microscale results are overestimating the KIC 

of both phases by 0.2 to 0.9 MPa·m1/2. Although the impact of 
implantation stresses is not evaluated here, it is possible they 
could be contributing to this elevation in KIC. It is apparent, 
though, that a larger number of samples and more uniform 
notch geometry are needed to have greater confidence in the 
microcantilever results. 

5.0 Conclusions 
Microcantilever fracture specimens were used to evaluate the 

microscale fracture toughness of the HfO2-rich and Si-rich 
phases in an HfO2-Si environmental barrier coating. Numerical 
calculations were done to calculate KI values for each test 
specimen to reasonable accuracy despite irregular crack 
geometry. Microstructural heterogeneity similar in dimension 
to the microcantilevers, perhaps due to the distribution of HfO2 
and HfSiO4 and average fracture feature size, appeared to have 
caused significant scatter in the HfO2-rich-phase specimens. 
Comparison with bulk fracture tests suggests that the 
microscale tests overestimate KIC of the Si- and HfO2-rich 
phases by ~0.2 to 0.9 MPa·m1/2. It is hypothesized that 
implantation stresses could play a role, but at minimum a larger 
number of samples and more-uniform notch geometry are 
needed for confidence in the microscale experiments. 
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Appendix—Load-Displacement Fracture Demonstration 
This appendix includes a sequence of video images from a 

load-displacement test; each image correlates with the  
load-displacement data shown. To illustrate this, a short 
explanation is given in Figure 15 for a Si-rich HfO2-Si 
specimen. Typically, elastic loading (Figure 15(a)) was 

observed prior to a pop-in event in which a significant load  
drop and corresponding change in compliance occurred  
at constant displacement (Figure 15(b)). Continued loading is 
typically linear prior to unstable fracture (Figure 15(c)).  

 

 
Figure 15.—Video image snapshots along with their respective load-displacement data for Si-rich HfO2-Si 

microcantilever test specimen. (a) Before pop-in. (b) After pop-in. (c) After fracture with significant crack 
extension. 
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