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ABSTRACT

Pyrolytic carbon (PyC) plays a critical role in many applications for its unique properties. In ceramic
composite systems, the elastic properties of PyC at the fiber/matrix interface drive toughening mecha-
nisms, enabling structural performance at increased operating temperatures. PyC expresses a wide range
of crystallographic texture depending on fabrication parameters. As a result, modelling and optimization
requires direct understanding of the texture-property relationships at the relevant length scales. This
research leverages high-resolution transmission electron microscopy (HRTEM) to link the PyC micro-
structure to the elastic response observed via digital image correlation (DIC) during micropillar
compression. The HRTEM and DIC results quantitatively resolve a gradient for microstructural texture
and Young's modulus respectively, showing that disordered texture increases compressive stiffness
normal to the average orientation of the PyC basal planes. The values for modulus ranged from 55 to
150 GPa, which are large compared to most experimental methods, but may be more realistic consid-
ering the uniaxial stress state and length scale. The behavior supports findings from numerical ho-
mogenization models, suggesting that this advanced technique may provide a path forward for
optimization and validation of these nanoscale elasticity models.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

planes, organized in nanometer scale domains that are, on average,
stacked parallel to the deposition surface, the fiber in this case.

Pyrolytic carbon (PyC) is used in myriad applications from
medical devices to nuclear fuel [1,2]. In high performance com-
posites, PyC is commonly integrated via chemical vapor infiltration
(CVI) as a thin (5—2000 nm) bond layer between the fiber and
matrix to promote crack deflection and composite toughness [3].
This bond layer creates a series of interfaces referred to as the
interphase. Knowledge of the elastic properties of the interphase is
critical in any effort to predict composite behavior. This is true
whether considering models for interfacial crack deflection or
evaluating component-scale stress and strain distribution [4—6].

CVIPyC can be described as a stochastic arrangement of graphite
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Typically, the surface roughness of the fiber results in a texture
gradient that may influence the local properties [7,8]. The relative
disorder of these domains is most commonly characterized in
terms of the orientation angle (OA), obtained using high resolution
transmission electron microscopy (HRTEM) with Fast Fourier
Transform (FFT) analysis or selected area electron diffraction
(SAED) [9—11]. Texture classification proposed by Reznik and
Hiittinger [12,28] includes high texture (HT, OA < 50°), medium
texture (MT, 50° < OA < 80°) and low texture (LT, 80° < OA < 180°).
Many methods have been explored to evaluate the Young's
modulus of PyC including macroscopic tensile, compression, and
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resonant spectroscopy methods [13—15], as well as nano-
indentation and microcantilever bending [16,17]. However, finding
a direct link between the texture and resulting elastic properties
has proved challenging [18]. Additional microstructural and
chemical parameters such as the domain width (L;) and domain
height (L), interplanar spacing dggz, and hydrocarbon content as
they relate to cross-linking and interstitial defects can influence the
contribution of different stiffness tensors. Farbos, Stein, and Savini
et al., have explored these relationships, suggesting dependencies
of out of plane stiffness on L., where reduced L. increase the
number of cross-linking there by stiffening the matrix [14,19,20].
Typical methods for identifying L, and L. include X-ray diffraction,
Raman spectroscopy, and image processing techniques using
HRTEM [10,19,21,22]. X-ray photo-electron spectroscopy is another
excellent tool to describe local structure with additional informa-
tion on chemical composition. However, these techniques have
relatively large spot size compared to HRTEM, limiting spatial
resolution of the microstructure across small multiphase coatings.

It can be useful to discuss the elastic constants of PyCs with those
of graphite, where OA approaches zero. As a transversely isotropic
material, graphite expresses a high degree of anisotropy where
theoretical Young's Modulus varies from Ex ~1000 GPa parallel to the
basal planes to E; ~25 GPa normal to the basal planes. However, most
experimental results for PyC find values for both in plane (Ex) and out
of plane (Ezranging from ~5 to 50 GPa, regardless of experiment type
and graphitic domain orientation [14,17,19,20,23]. A few studies have
been able to extract properties that align closer to the predicted in-
plane values reaching ~100—300 GPa [15,24]. The variability be-
tween experiment type, and often muted dependency on graphitic
orientation, becomes particularly concerning when evaluating
microscale applications of PyC such as the composite interphase
where PyC thickness is often <1 pm [3,25].

Typically, nanoindentation has been used to evaluate PyC at this
length scale. Nanoindentation can provide unique spatial resolu-
tion of elastic constants, however, pyrolytic carbon exhibits nearly
reversible elastic response making it challenging to accurately
apply the analysis methods that were originally developed for
plastic materials [18]. Several researchers, summarized by Gross
et al., have explored new models to capture the true contact area
and elastic response [16]. It was concluded that measurements in
the E, direction were considered valid as it was possible to match
expected properties, while measurements in the Eyy directions
were misleading due to nano-buckling mechanisms. It was shown
that sharp indenters can also cause complex stress states that
promote plane rotation with accompanied basal plane slip and
nano-buckling [18,23]. These mechanisms in conjunction with in-
plane defects such as cross-linking and interstitials are suggested
to be responsible for the moduli, hysteresis, and anelastic recovery
[18,26]. Because the anelastic behavior is observed regardless of
basal plane orientation, it is suggested here, that the observed
moduli are not only a measurement of the interatomic bond
stretching (both covalent and van der Waals for PyC), but likely
significantly underestimated because of the basal plane slip and
buckling effects. Fig. 1 shows typical anelastic indentation curves
normal and parallel to the plane for different indenter types,
adapted from Gross et al. [16].

These experimental complexities have spurred alternative ef-
forts to estimate elasticity building up from the nanoscale structure
[14,20,27—29]. The overarching procedure has been to leverage
HRTEM micrographs to reconstruct a descriptive microstructure
that can be modelled at the atomic level or have an elasticity tensor
projected on to it. BOhlke and Lin et al. approached the latter via OA
and a local binary pattern (LBP) segmentation algorithm to define
plane and domain orientation distribution functions (PODF &
DODF) respectively [28,29]. Given the stochastic distribution,
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elasticity tensors from macroscopic ultrasound phase spectroscopy
of graphite and PyC could be projected on to the microstructure and
homogenized. It can be noted that these projections were devel-
oped with 2D HRTEM images and assumed perfectly bonded do-
mains with no stiffness. Farbos et al., developed 3D atomistic
reconstructions of HRTEM for integration into molecular dynamic
(MD) simulations [30]. Unit cells of ~6—12 nm edge length were
generated for pure graphite as well as two texture domains, rough
and regenerative lamellar (RL & ReL), both considered HT in the OA
classification scheme. The RL and ReL cells consisted of nanosized
graphene domains with boundaries consisting of lower order ring
structures as well as sp> interplanar cross-links. These are proposed
as the typical domain defects observed by HRTEM. The efforts by
Lin and Farbos et al. effectively evaluated the elastic behavior of a
single domain. They found strikingly similar values for all the
elastic constants except C33 where the MD simulation showed
~30 GPa and the DODF estimated ~90 GPa. Reasoning for this
discrepancy was not well understood, but both length scale and
boundary condition assumptions may be playing a role. On the
contrary, the Bohlke model evaluates the PODF across all domains
in the 2D 50 x 50 nm? HRTEM images of different textures (LT, MT,
and HT). The analysis provides a homogenized elasticity based on
the relative contributions of the experimental elastic constants
(determined macroscopically with ultrasound phase spectroscopy
[13,31]) as a function of the loading direction, B. Fig. 2 summarizes
the model with an estimate for the mean modulus (HS-Mean)
plotted versus B, where 0° and 180° represent loading normal to the
average basal plane orientation and 90° is in-plane for MT PyC.

It was found that the degree of anisotropy as a function of f is
reduced by more than 80% compared to the theoretical relationship
of Ex and E; of graphite. This may explain the muted dependency on
textural orientation observed across the experimental test
methods. It should also be noted the modulus values here are
several factors larger than many experiments. Generally, this
discrepancy is attributed to large scale softening phenomena such
as porosity for bulk scale tensile, compression, and resonant
spectroscopy [17,28,32], and nano-buckling or basal plane slip
mechanisms in the case of nanoindentation [23]. The advancement
of these models may provide a new path for mapping the true ef-
fects of texture and defects on elasticity, thereby improving com-
posite design and constituent-based modelling. The goal of this
effort is to provide an experimental pathway to help refute or
validate the small-scale elasticity models.

The study presented here combines micropillar compression
[33] and in situ scanning electron microscopy (SEM) digital image
correlation (DIC) for novel evaluation of uniaxial elastic properties
across the SiC/PyC/SiC interphase. This imaging-based strain
mapping method measures the total strain at the surface of a
deforming sample, during both elastic and plastic loading phases
[34]. It has recently been applied to micromechanical testing
[35,36] with nano-scale spatial resolution [37] under a range of
temperature [34,36,38] and fatigue loading [39] conditions across a
variety of metals [35,40], intermetallics [36,38] and ceramics [41],
and has supported modelling efforts [40,42]. The micropillar ge-
ometry and test conditions provide an idealized uniaxial stress and
direct line-of-sight monitoring of the textured PyC at the micro-
scale during testing. The test geometry is fabricated by focused ion
beam (FIB) milling. The OA texture and domain size from HRTEM
FFT provides insight to the relative defect density and orientation
distribution of local domains. Ultimately, this study provides direct
values for Young's modulus, and qualitative insight to the Poisson's
ratio, E; and vy, with compression orthogonal to the average basal
plane orientation as a function of PyC microstructure.
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Fig. 1. Nanoindentation curves for PyC orthogonal and parallel to the average basal plane orientation. Indenter tips express reducing stiffness with increasing sharpness. Anelastic
behavior is also observed showing hysteresis attributed to energy loss from frictional sliding between graphite planes. The general trend suggests that basal plane orientation is not
playing a dramatic role. Reproduced and adapted with permission from Ref. [16], copyright John Wiley and Sons 2012.
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Fig. 2. Homogenized elastic modulus for MT PyC based on macroscale elastic con-
stants projected onto nanoscale PyC domains via a stochastic domain orientation
distribution function. B describes the loading direction relative to the average basal
plane orientation, where 0° and 180° represent loading orthogonal to the basal planes.
Anisotropy is dulled and modulus values are larger than most experiments. Repro-
duced and adapted with permission from Ref. [28], copyright John Wiley and Sons
2012.

2. Experimental

A single fiber composite with monolayer PyC interphase,
referred to as a microcomposite, was evaluated in this research.
This simplified sample provided easy access to the control inter-
phase, however, this method is also applicable to more complex
composite configurations. General Atomics (GA) manufactured the
composite with a Tyranno S SiC fiber [43]. CVI was used to
consolidate the fiber preform by depositing a 1.2 pum monolayer of
PyC followed by a dense B-SiC matrix. The Tyranno S fiber is ex-
pected to have isotropic E ~200 GPa [43,44] and CVI B-SiC
E ~ 460 GPa [45]. The fibers of these composites are typically
manufactured with a polymeric sizing for material handling. These
fibers come from the Tyranno company that use a polyoxyethylene
(POE) sizing. Prior to PyC deposition, the sizing is burned off,
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leaving a 0—10 nm layer of turbostatic carbon at the fiber surface.
This structure can influence the size and uniformity of the depos-
ited PyC. However, it is still observed that the orientation of the
early PyC domain growth will depend on local surface roughness
and increase uniformity as deposition thickness increases [8]. A
transverse cross-section and subsequent polished surface of the
microcomposite is shown in Fig. 3-A. This same composite sample
was also used to characterize friction behavior of the PyC inter-
phase [46].

The sample was mounted with the longitudinal axis of the fiber
parallel to the polishing plane on an aluminum SEM stub with
thermoplastic mounting adhesive. Polishing was carried out via
3 um diamond lapping film using water lubricant in a Leica EM TXP
micro-polishing instrument. The integrated stereo microscope
allowed the polishing to continue until the fiber was exposed,
shown in Fig. 3-B. On the polished surface, two ~2.5 x 2.5 pm?
square cross-section micropillars with height to width ratio ~2:1
were fabricated using a 30 keV gallium FIB-SEM workstation (LYRA,
Tescan, Brno, Czech Republic). The pillar cross-section dimensions
kept peak-to-valley fiber curvature less than 100 nm and is
considered negligible for elastic modulus evaluation. The structures
were milled to contain the PyC interphase at the center height of
the pillar. Fillets with 1 pm radii were also milled at the pillar base
to promote uniform stress gradients and reduce sink-in effects.
Course and fine milling were carried out at 10 nA and 0.25 nA,
respectively. Pillars 1 and 2 are shown in Fig. 4-B. SEM and TEM
were carried out to evaluate the PyC thickness as microstructure.

2.1. Compression testing

In situ compression was applied in the Z-direction with a 5 um
diamond flat punch in an Alemnis standard assembly nanoindenter
(Alemnis AG, Thun, Switzerland). Testing was performed in
displacement control at 5 nm s~ .. Each pillar was incrementally
loaded and fully unloaded following 50 nm steps from 100 nm to
300 nm total indenter displacement. Pillar 1 saw two additional
steps to 400 nm and 500 nm. Each unloading step took the indenter
tip completely out of contact with the pillar while each load step
was held at constant displacement via an integral gain feedback
loop. At each step, two 512 x 512 px?, 320 us px~! dwell, high-
resolution SEM images were taken; one with the SEM raster di-
rection parallel to the Z axis, and another with 90° scan rotation and
raster direction parallel to the X axis. This was done because it has



J. Kabel, TEJ. Edwards, A. Sharma et al.

| Polishing planes

B) CVIB - SiC

PyC monolayer

|

-

SiC Fiber

L

Fig. 3. A) Transverse cross-section of SiC/PyC/SiC microcomposite, red dotted lines
represent polishing planes. Courtesy of GA. B) Longitudinal polished cross section
showing single Tyranno S fiber embedded in a monolayer CVI PyC and B-SiC matrix. (A
colour version of this figure can be viewed online.)

been found that strain mapping is more accurate when evaluated in
the raster direction. SEM images were taken at 40k x magnification
achieving 7.05 nm px~! resolution. The axial displacement, 3, of
the pillar was processed with Alemnis software to subtract out
known machine compliance as well as account for pillar sink-in
following the Zhang-Sneddon model for pillars with fillet radii
assuming a continuous 3D substrate [47,48]. It should be noted here
that the pillars were fabricated in a way that the substrate material
in the front and behind the pillar was removed, leaving it effectively
on a wall. This may result in a slight overestimation of strain in the
pillar and thereby underestimation of the elastic modulus. Load
drift of ~3 uN s~ was found during the ~300 s compression hold for
SEM imaging and was subtracted out. Fig. 4-A shows all 8 loading
steps with compliance-adjusted displacement for pillar 1. Step
naming is outlined in Fig. 4-D.

2.2. DIC analysis

DIC strain mapping of the pillar surface required a high-density
distribution of platinum (Pt) dots. These were e-beam deposited
with ~40 nm diameter using an SEM gas injection system. The beam
parameters, bitmap pattern, and analysis methodology followed that
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of previous research [35,36]. Pt dots are assumed non-deformable.
The strain analysis was carried out using commercial software
(DaVis, LaVision). Image filtering was required to normalize the
brightness/contrast and bring out the speckle pattern with uniform
grayscale, shown in Fig. 4-C. The images were ordered in the soft-
ware following the test sequence and then shift and rotation cor-
rected to map the speckles from image to image. Mapping was done
using 24 x 24 px? subsets with 0% overlap to give a spatial resolution
of 0.169 x 0.169 pm?. Dots at the pillar edge were challenging to
resolve and subsets were omitted from the strain analysis. 2-D strain
was then calculated for each subset at each step relative to the first
unloaded image. Ultimately, the PyC thickness was described by
seven 1 x 7 subset rows, each equating to ~0.17 um height and
1.18 um wide. Each row was then averaged to explore lateral, ex and
axial strain, e, as a function of distance from the fiber surface. Row 1
has its outmost image pixels aligned with the fiber/PyC interface
such that it is the first subset row within the PyC layer, and row 7 is
the last within the PyC layer and borders the matrix/PyC interface. To
quantify the precision of the software tool, two identical unstrained
images were taken prior to testing to establish a zero-strain refer-
ence. The standard deviation was calculated by evaluating all 2-D
strain subsets of the second image relative to first, representing
noise due to image quality and processing. The standard deviation in
the normal strain component parallel to the imaging raster direction
was found to be +0.002, and subsequently propagated through
subset averaging. Raw values for compressive strain are shown in
blue in Fig. 5 as negative but were analyzed later as positive for
typical stress vs strain calculations. The Pt speckle pattern, zero-
strain reference map, and lateral and axial strain map for the last
step of pillar 1 are shown in Fig. 5 with overlaid rows.

2.3. Characterization

TEM lamella of pillar 1 after compression, and a pristine location
adjacent to the pillars were fabricated to quantify the PyC texture
and domain size as a function of distance from the fiber surface. The
HRTEM images were acquired using a Themis 200 G3 spherical
aberration-corrected (probe) TEM operating at 200 kV. Three col-
umns by ten rows of micrographs were acquired across the PyC
thickness for both samples. Each column was spaced approximately
~1 pm apart. Within each column, the average spacing between
rows was approximately 100 nm, with an HRTEM field of view of
40x40 nm?. Image spacing was controlled using set travel distance
with the sample holder motor. The first image on the fiber side was
taken approximately 20 nm away from the actual surface as to
avoid influence from residual turbostratic carbons due to decom-
position of the POE during manufacturing [8]. See Fig. 6A for a
schematic layout of image acquisition. The beam condition
(convergence = 6.3 mrad) and image acquisition speed (1 s to limit
beam damage) were kept constant for all the scans to improve the
analysis accuracy. The texture analysis of the pristine sample was
also performed using selected area electron diffraction (SAED)
patterns collected across 3 columns and 5 rows in the pristine
sample using an aperture of 150 nm. Here, the HRTEM FFT OA
method [9,31,49,50], may include contributions to the OA from
small variations in foil thickness and focal depth between regions
imaged across the PyC layer. The larger sampling region and par-
allel beam of SAED helps provide confidence in the localized sam-
pling of HRTEM FFT. Each HRTEM FFT and SAED ring pattern was
analyzed in OriginPro using the Azimuthal Average Tool to extract
the average grayscale intensity of the (002) diffraction arc as a
function of angle within the defined concentric circles. The peaks
were fit with a Gaussian and the OA was taken as the average
FWHM of the two peaks. The three images in each row for SAED
and HRTEM FFT were respectively averaged, providing
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Fig. 4. A) Test sequence of pillar 1, showing displacement steps, hold for SEM image capture, and unloading. B) SEM image of both pillar 1 and 2 prior to testing. The Z and X
directions are overlaid for reference throughout the paper. C) High resolution SEM image of the Pt speckle pattern applied to the pillar surfaces for DIC strain mapping. D) Loading

and unloading steps. (A colour version of this figure can be viewed online.)
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Fig. 5. SEM images of DIC speckle pattern on pillar 1 with overlaid strain maps. The reference and final step are shown. Rows are dived by horizontal black lines that span the height
of the PyC section of the pillar. The color of each subset is based on strain at its center point. (A colour version of this figure can be viewed online.)

representative texture as a function of distance from the fiber
surface. All diffraction arcs showed consistent positioning, sug-
gesting the basal planes were on average aligned parallel with the
fiber surface.

For rows 2, 5, and 9 of the HRTEM images, a minimum of 125
clearly identifiable domains were manually traced across the three
images, Fig. 6C. The domains were extracted using FIJI image pro-
cessing software and fit with an ellipse to estimate L. (long axis)
and L, (short axis), providing insight to domain size evolution
across the PyC thickness [51]. Fig. 6 compiles a representative
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HRTEM image, HRTEM FFT and OA Gaussian fit, SAED pattern with
OA, and domain tracing from a region at the center of the pristine
PyC bond layer.

3. Results

3.1. PyC modulus from load vs displacement output

From the machine output, the compliance-corrected engineer-
ing stress-strain curves for all steps of pillar 1 and 2 are presented in
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Fig. 6. A) Schematic of HRTEM and SAED acquisition locations across the PyC. The red outlines represent the image location in images in B, C, and D. B) 40 x 40 nm? HRTEM with
embedded 10 x 10nm region showing observable (002) lattice fringes and domains. Also embedded SAED pattern with OA value of the same region. C) HRTEM with manually traced
domains. D) HRTEM FFT of image B representing frequency information of the lattice fringes. E) Azimuthal Average Tool provides a Gaussian fit to the averaged grayscale intensity in
the probed region (concentric pink circles) of the FFT pattern. (A colour version of this figure can be viewed online.)

Fig. 7. The behavior is repeatable and shows limited hysteresis,
contrary to typical observations in nanoindentation.

For each step, the pillar modulus is evaluated on the initial ~25%
of the unloading curve, shown shifted for steps 1, 5, 9, and 13 in
Fig. 7. Pillar 1 and 2 are in reasonable agreement showing a
dependence of total modulus on strain going from ~100 to 165 GPa.
The elastic modulus orthogonal to the average basal plane orien-
tation of the PyC, Epyc, is extracted using an idealized spring model
shown in Fig. 8, where k is the constituent stiffness, h is constituent
height, and the area A cancels out. Height dimensions and con-
stituent moduli are tabulated, and the respective moduli for the
total pillar and the PyC are plotted in Fig. 8. Linear behavior is
observed showing Epyc range from expected values ~25 GPa to
upper bound values ~65 GPa. Ultimately the model assumes the
evolving modulus is intrinsic to the PyC. DIC sheds light on and
supports this assumption.

3.2. In situ strain mapping by DIC

The raw DIC data for axial strain of pillar 1 is plotted in Fig. 9. At
each step, the average value of a given subset row is shown. The raw
data was then adjusted per two observations. The first was noise
subtraction by zeroing the values observed around the first unload
step and subtracting this from the other unloaded steps. The second
was related to the observation of permanent deformation.
Although some values are below the noise level (0.002), the trend
of incremental increase of the saw-tooth baseline appears strong
enough to suggest a real phenomenon and warrant subtraction.
This is shown in Fig. 9 for row 6 along with a strain map of the final
unloading step that shows the distribution of the permanent strain.
The error bars shown represent the standard deviation when
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averaging the 7 subsets of each row. The mechanisms for plastic
deformation may be a result of defect compression such as nano-
porosity or interplanar slip of domain boundaries with significant
basal rotation. The lateral DIC data did not show measurable per-
manent deformation, and only received initial noise adjustment.

The processed data for the observed axial and lateral strain in
pillars 1 and 2 is shown in Fig. 10. The axial data shows strong saw-
tooth behavior with values well above the noise across loading and
unloading steps, suggesting the data is real and accurate. The strain
also has a spatial dependence, showing rows closer to the fiber
(rows 1 and 2) having less strain than those towards the matrix,
implying a stiffness gradient. This is visualized in the 2-D strain
map shown in Fig. 5. Furthermore, these same data points show a
slight reduction in strain over the last two loading steps which
suggests that stiffness is evolving with increasing stress, similar to
the observations from the machine output.

The lateral strain is an order of magnitude smaller with signif-
icantly more scatter. However, the same saw tooth behavior of the
loading schedule is present, and values associated with the highest
loads rise above the noise threshold. Additionally, the lateral strain
shows an increasing trend with increasing load, highlighted by a
red line for reference. Considering this, it is likely that the values
observed are real, though should be taken cautiously when dis-
cussing the Poisson ratio. Two SEM images for the lateral strain
were of noticeably poorer quality, highlighted by blue circles, and
were hence not considered when evaluating the Poisson's ratio.

Data processing revealed that the boundary rows, 1 and 7,
consistently deviated from trends observed in the more central
rows. For example, strain at row 7 decreased from row 6, and hence
deviated from the increasing trend seen moving away from the
fiber. Also, the error in these rows was consistently larger. These
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Fig. 7. Compliance corrected compressive stress-strain curves for pillar 1 and 2. The
elastic modulus is extracted based on the initial 25% of the unloading curve and plotted
for every other step to highlight the evolving modulus with increased pressure. (A
colour version of this figure can be viewed online.)

artifacts are likely attributed to two processes. First, the elastic
mismatch (stiffer SiC) at the interface can act as a constraint for
material displacement, this is discussed with more detail in section
4, The second relates to DIC processing as the edges of each subset
may partially overlap into the boundary SiC at the interface. In both
cases, the 2-D strain output is likely to underestimate the true
strain of the PyC due to the adjacent stiff SiC. As a result, rows 1 and
7 are omitted in following analyses.

The Poisson ratio, v;x = ex/e; is taken for all loading steps
beyond the noise-normalized point and after the low-quality SEM
images, representing a region with reasonably resolved strain
values. Fig. 11 presents v, for rows 2—6 as a function of loaded step
with propagated error from the raw data. There is a clear trend
related to location in the PyC, showing reduced v,x moving away
from the fiber. Because there appears to be a lack of stress depen-
dence with each increasing steps, the average for each row across
all steps was taken to provide a single value. Again, the associated
error is large and should be interpreted as qualitative speculation.
This is plotted for pillar 1 and 2 in Fig. 11 as a function of row and
estimated distance from the fiber surface. The estimated distance
for a given row is assigned to the center point of the subset, hence
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equal to 0.08 um for row one.

The DIC strain ¢, is plotted versus the stress, 6,, in Fig. 12. Pillar 1
and 2 show similar behavior through o, < 2.25 GPa. Both show
reducing modulus moving away from the fiber (row 2 — 6), pillar 1
shows a more pronounced trend. Above 2.25 GPa, pillar 1 shows an
inflection with increasing stiffness. This inflection becomes more
dramatic and potentially unrealistic for rows 2 and 3, showing a
modulus of ~450 GPa for row 3. There are likely two factors
contributing to this transition. The first is assumed to be a real
evolution of intrinsic stiffness, observed in the machine output data
as well, mechanisms for which are discussed later. The second is
that as the intrinsic stiffness increases, it becomes more challenging
for the DIC to resolve the resulting smaller strains with accuracy.
This is supported by the fact that the software was unable to
properly track (observe saw-tooth behavior with strain magnitude
>> 0.002) the elastic strain for the SiC fiber (E ~ 200 GPa) or matrix
(E ~ 460 GPa). If we consider the regions prior to the inflection point
(loaded to less than 2.25 GPa), the largest modulus supporting a
linear trend is observed for row 2 with E ~ 150 GPa. This can be
considered an upper bound limit for measurable elastic modulus
given the experimental conditions of this study. With that
considered, the moduli for each row of pillar 1 and 2 in are fit on
Fig. 12 for 6, < 2.5 GPa. Rows 5 and 6 of pillar 1 are also fit after the
inflection region (light gray) since the modulus values are less than
the defined upper bound. The comparable moduli are summarized
and plotted with respect to row and estimated distance from the
fiber surface.

3.3. Texture and domain size analysis by TEM

Fig. 13A plots the SAED and HRTEM FFT OA for the pristine PyC.
The values are in good agreement with similar levels of noise,
suggesting that the averaged HRTEM FFT OA at equidistance from
the fiber adequately describes the global texture in that region. The
HRTEM approach allows for improved spatial resolution of OA and
domain size across the PyC thickness. The HRTEM FFT OA for pillar 1
shows increased magnitude and rate of change across the thickness
compared to the pristine PyC. Without textural data of pillar 1 prior
to deformation, it is not possible to identify if the relative disorder
evolved during compression, or if it is simply due to non-
uniformities during deposition. Although some plastic deformation
was observed in the DIC, for the sake of discussion, it is assumed
that deposition non-uniformities are responsible. In situ TEM
compression testing may provide the data needed to verify or
refute compression induced deformation. Fig. 13B and C plot the
pristine condition graphene domain data extracted from the
HRTEM locations highlighted in red. The average height, L, of the
domains decreased marginally from fiber to matrix (2.4—2.1 nm),
whilst the average domain width, L,, remained nearly unchanged at
~1.2 nm. This is supported by previous work on this exact PyC by
Kabel et al. [46], with Raman analysis that identified the D and G
band intensities (Ig and Ip) on a pristine fracture surface at the
midpoint of this PyC bond layer (see Figs. 5 and 17 in Ref. [46]).
According to the Tuinstra-Koeing formula for nanocrystalline
graphite, the ratio of the band intensities (Ip/Ig) is proportional to 1/
Ly [52]. The previous work found Ip/lg = 0.76, or equivalently L;
1.3 nm, which is in great agreement with the values measured here
by HRTEM tracing. One may also note a 25% decrease in the stan-
dard deviation of values measured for L, whilst L, increases by a
negligible 2%, indicating the shape of the grains become progres-
sively more uniform with deposition thickness. To summarize the
combined microstructural information, the fiber side of the PyC
consists of less uniform, slightly elongated, and more misoriented
domains compared to the matrix side. Regarding microstructural
influence on elastic modulus, several authors have identified that
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stiffness along the domain-averaged c-axis is generally indepen-
dent of L,, but inversely proportional to L. [14,19,20,22]. This sug-
gests that cross-linking defects at domain boundaries are a
stiffening mechanism under c-axis compression. However, the
stiffness range modelled by Farbos et al. for L. = 1.5—2.6 nm is less
than 5 GPa (see C33 dependence in Figs. 4 and 5) in Ref. [14]. The
same study suggests that a three degree change in intergrain
misorientation (equivalent to AOA ~5° [21]) can change stiffness by
20—50 GPa depending on the axis of loading. As a result, it is ex-
pected that the L. values observed here have a negligible influence
on stiffness, and that OA is dominating observed change in E,. As
such, the discussion focuses on the OA structure-property
relationships.

4. Discussion

The machine output showed continuous evolution of Epyc from
25 to 65 GPa for both pillars. These values are within experimental
expectation but toward the upper bound. This is reasonable
considering the uniaxial stress state and ~7.5 um> sampling volume
[17]. However, the machine output is still an indirect method to
estimate the average PyC modulus, requiring compliance correction
from multiple sources while also applying an idealized spring
model that doesn't account for constraint and property values
taken from literature. Because the pillars are fabricated on a wall, it
is likely the total compliance was underestimated when following
the Zhang-Sneddon model. An FEM model to capture these effects



J. Kabel, TEJ. Edwards, A. Sharma et al.

Carbon 182 (2021) 571-584

Pillar 1 Pillar 2

0.06 | Row 1 0.06 1

—O— Row 2
0.05{_~A— Row 3 0.05
0.04| v Rowd 0.04/

—— Row 5
0.03{ < Row 6 0.034

o2 —>— Row 7 “2
0021 0.021
0.01+ 0.01 4
0.004 0.00
D TG T W WA W T TS TR U T 8 10
0.010+ 0.010+ —

Saw-tooth trend and positive slope
0.008+ 0.008 suggests real deformation within noise
0.006 0.006 -

0.004 0.004 4
oS
X 0.002] x 0.0021
0.000 0.000+
-0.002 4 -0.002 4
-0.004 - -0.004- i .
INotlceany poor SEM |mage|
0 2 4 6 8 10 12 14 o 2 4 6 8 10
Step Step

Fig. 10. Plasticity-corrected DIC axial (e,) and lateral (ex) elastic strain for pillar 1 (left) and pillar 2 (right). Red trend line follows the general evolution of lateral strain upon
compressive loading. Blue circles highlight bad SEM images and resulting poor DIC output. (A colour version of this figure can be viewed online.)

0.5+
0.4
0.3
0.2
0.1+

0.0 -

Row

Pillar 2

—/— Row 4

{—Row 5

—}—Row 6
9 11 13 15
Step

~ Fiber |
14 -0.08 &'
£
2
21 S 1024 @
/ 3
n
31 A —+0.40 &
/ 3
/ =
4| H 3 : -0.56 3
/ 3
{ g
5k Q | 1072 &
/ :
<
1— <J<t—H 10.88 T
(0]
Pillar 1 =
7 Pillar 27 1.04 3
\. Matrix \
0.0 0.1 0.2 0.3

Average V,y

Fig. 11. (Left) Poisson ratio per row, per step, of pillar 1 and 2. (Right) Summary plot of each row averaged across all steps, plotted in relationship to the fiber and matrix boundary

regions expressed in gray. (A colour version of this figure can be viewed online.)

would find increased compliance of the substrate, decreasing the
corrected strain in the pillar and thereby increasing the PyC
modulus. Although increasing beyond expected literature-based
values, this moves closer to those found with DIC. Indeed, it is
not common to measure Young's Modulus by micro-compression;
one usually encounters combinations of poorly corrected

579

substrate compliance, surface roughness and sample-indenter
misalignment which complicates analysis [53]. A recent study
attempted to directly measure the displacement of the interface
between nanolaminates and their Si substrate pedestal during in
situ SEM loading, they had some success for compliance correction,
although J-shaped initial loading remained [54]. Nanoindentation
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is usually more successful for modulus measurements as compli-
ance and tip shape are corrected for by calibration against known
standards [55]. This is difficult to achieve for micro-compression
given the irregularity of test geometries from FIB milling. Howev-
er, the ‘indentation’ modulus is measured according to the
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multiaxial loading experienced; yet in some cases, as here, it is

desirable to measure a modulus uniaxially.

The DIC method applied here is a novel approach to modulus
measurement at this length scale and is shown to be an effective
solution. Indeed, the 2 x 10~3 strain noise level with 170 nm spatial
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resolution, achievable by DIC in the SEM raster direction, is ample
to extract precise variations in the compression modulus across the
1.2 pm thick PyC layer. Imaging perpendicular to the pillar surface,
in situ during each load hold, after waiting for the setup to settle for
at least 12 h, avoids many of the magnification hysteresis, thermal
drift and lens distortion issues that hamper ex situ</i> DIC studies
[56]. Similarly, imaging every step with two perpendicular raster
directions served to minimize noise levels as only normal strain
components are of interest here [57]. One drawback of the DIC
method is the reduced number of strain measurement steps and
the lengthy image acquisition times, compared with the continuous
machine displacement output. One way to increase acquisition rate
and resolution for future studies is to integrate a series of images
with short dwell times at each hold [58]. However, this remains a
point of debate within the DIC community in light of recent mea-
surement of 5—12 us (noisy) beam settling times per pixel [59],
which would encourage an early frame or pixel-time discard
approach. Certainly, further selection and averaging for increased
imaging quality could be considered, requiring an advanced,
custom scan generator system [59]. Ultimately, the DIC is consid-
ered more direct and robust than the machine output, and the DIC-
acquired elastic properties are accepted as true. With this consid-
ered, a variety of DIC observations need further discussion.

The DIC method provided high resolution evaluation of the local
elastic strain during testing, revealing clear gradients for the
Young's modulus across the PyC thickness. Improvements on res-
olution can provide unique insight to Poisson ratio dependencies as
well. The first trend to discuss is the evolution of modulus with
increasing pressure, this was observed via an inflection point in
pillar 1, and also apparent in the machine output for both pillar 1
and 2. For example, the DIC modulus of row 6 transitioned from
66 GPa to 116 GPa. This phenomenon can be discussed in the
context of PyC microstructure and defects. Recent studies have
developed atomistic reconstruction of the PyC structure that sug-
gest the turbostratic domains consist of curved planes, pentagon/
heptagon interlayer connections, and nanoscale porosity [14,27,30].
It is proposed here that these defects may initially allow for
compliant modes of elastic deformation. As the interlayer distance
is compressed the system may stiffen as repulsive van der Waals
interatomic potential takes over. From the perspective of composite
interphase design, as it relates PyC deposition parameters and
resulting crack deflection [60], the rate and magnitude of modulus
increase would then depend on local defect density.

The next DIC observation provides unique and valuable insight
into the PyC structure-property relationship. Both pillar 1 and 2
showed a spatial gradient of increasing modulus moving toward
the fiber interface. This was complemented by the observed texture
gradient from the OA analysis, that are likely intrinsically related to
each other [14,28]. The gradients are respectively plotted as a
function of estimated distance from the fiber surface in Fig. 14,
where the shaded regions represent standard deviations of the data
from pillar 1.

For pillar 1, E, transitions from 66 to 150 GPa as the texture
becomes more disordered toward the fiber surface. The change is
dramatic relative to an OA shift of four degrees, but modelling ef-
forts suggest this is not unrealistic. Farbos et al. predict that inter-
domain misorientations of three degrees can impact the Cyg
stiffness tensor by 50 GPa [14]. Although evaluated for stiffness
parallel to the basal plane, this acute orientation sensitivity sug-
gests that the trends observed here are possible. Furthermore, the
homogenization model presented by Bohlke found E; ( = 0) range
from 99 to 156 GPa when transitioning from HT to MT, shown in the
table of Fig. 2. The HRTEM FFT OA was extracted from their figures,
finding HT and MT equal to 50° and 60°, respectively. Although a
factor of two larger, the AOA of ~10° spans the transition range
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ters. (A colour version of this figure can be viewed online.)

observed in this experiment and shows similar change in modulus.
Together, the results from Farbos and Bohlke et al. show acute
misorientation sensitivity and provide confidence in the results.
Continued modelling with high resolution of the misorientation
dependence on the average c-axis stiffness is warranted to validate
these findings. Pillar 2 shows E, varying from 54 to 87 GPa across
the same PyC thickness. The discrepancy between pillar 1 and pillar
2 may be a result of local texture variations during CVI deposition,
or globular defect inclusions from the CVI process that were not
captured in the thin TEM lamella taken from the center of the pillar
[10,46]. It is shown that within pillar 1, the absolute texture and rate
of change of texture across the PyC is larger compared with the
pristine PyC. It is likely that local texture within pillar 2 is closer to
that of the pristine PyC. Again, it is possible that the large
compressive load achieved in pillar 1 resulted in basal plane slip
and domain rotation, leading to more disordered texture and
increased stiffness. The later cannot be proved since we cannot get
spatially resolved textural information from the pillar prior to
compression. Regardless the origin of the texture gradient, the
trend supports that more uniform texture is directly related to a
decreasing modulus. In order to understand the evolving property-
structure relationships, it is important to consider fundamental PyC
elasticity and why relatively large elastic moduli are observed in
this case. As alluded to, most other experiments see average E,
~25 GPa. Some show a similar texture dependence but are often less
significant in both magnitude (ranging + 10 GPa) and consistency,
especially for the Z direction perpendicular to the graphitic planes
[14,16,26]. DIC shows a factor of 2—5 times increased E, depending
on the local PyC texture and applied pressure. Two potential ex-
planations were considered for the origin of the increased modulus.
The first is extrinsic relating to boundary constraint and the other
intrinsic as it relates to microstructural homogenization of
elasticity.

The effect of constraint at the interfacing SiC boundaries is
evaluated following a model system where the PyC is fully bound
between two rigid substrates. Tsai presents an analytical solution
relating the observed compression modulus, E. to the true modulus
E in equations (1)—(3) where a, b, and t are the respective edge
lengths and thickness of the bond layer [61].
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Modelled values for Poisson ratio of high texture PyC are typi-
cally very low, v,x < 0.05 [14]. Some experimental evaluations have
found values as large as 0.35 [15], though likely this was amplified
by bulk porosity effects. Here, the upper bound observed in this
experiment, v,x = 0.25, is taken as a conservative value for evalu-
ation. The resulting observed modulus E. would increase by 13%,
which is significant but does not account the twofold increase
observed with DIC. Additionally, it is likely only affecting the PyC
boundaries, as observed in rows 1 and 7 that expressed outlier
values as discussed above. The bulk (rows 2—6) of the modulus
gradient appeared more intimately tied with the PyC texture and
less with boundary constraint as the trend is linear with peak and
minimum values observed toward the fiber and matrix interfaces,
respectively. In the end, constraint is not expected to play a role in
defining the true modulus across the entire bond layer.

The second and intrinsic explanation is related to findings from
nanoscale elasticity models. MD simulations tend to agree with
fundamental estimations for graphite and typical experimental
values of E, ~25 GPa [14,27]. These simulations have provided
unique insight into the impact of local defect types; however, the
length scale (8—12 nm edge length cubes) limits understanding of
how long-range domain and domain boundary distributions may
impact microscale elasticity. Bohlke et al. attempts to capture this
on a slightly larger length scale with microstructures (LT, MT, and
HT) defined by 50 x 50 nm? HRTEM images that captures tens to
hundreds of domains. The homogenization technique, described by
Fig. 2 in the introduction, finds mean values for E; of ~99—156 GPa
for HT and MT, respectively [29]. This is at the upper bound for DIC
measurements observed in this study, with MT values ranging from
66 to 150 GPa. The slight overestimation by the homogenization
model may be due to an assumption of perfectly bonded domains
that omit boundary stiffness. It is conceivable that in a real system
these boundaries provide an initial softening mode at low loads,
similar to mechanisms discussed for modulus dependence on
pressure, then transition to a stiffening mechanism by impeding
basal plane slip and domain rotation. This would align with the
modelled dependencies on L., where averaged domain stiffness in
the c-axis increases with domain boundary cross-linking [14].

Ultimately, it is thought this study experimentally supports the
homogenization theory where average domain misorientations
generate a homogenized and globally increased modulus at this
length scale. This explains the observed increase in modulus with
increasing textural disorder. The homogenization method did not
evaluate the texture dependence of Poisson's ratio. However, as
texture becomes more turbulent, it can be inferred that the Poisson
ratio would take on mixed character of the v, and vy,. For v, and
Vxz, Farbos et al. shows MD values of 0.05 and 1, respectively [14].
Gebert shows experimental values of 0.22 and 0.5, respectively
[31]. However, most reported values simply assume a homogenous
v = 0.2 [50,62]. With this wide range of values across length scales,
the values and texture dependence observed with DIC is reason-
able, however, improved DIC resolution is required for true
quantification.

A final point of support for deformation mechanisms comes
from a recent study by Zhang et al., that applied uniaxial micropillar
compression to amorphous PyC [63]. The researchers presented
values for modulus ~16—26 GPa that were fit to the loading curve.
However, significant plastic deformation was observed in these
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pillars, attributed to interplanar bending and nanopore collapse,
identified by accompanying MD simulations. For more accurate
representation of the elasticity, the unloading modulus was eval-
uated (by this paper) and found to be ~50 GPa. This matches more
closely to the values observed here. The PyC was fully amorphous,
likely departing from the domain homogenization and boundary
constraint effects, resulting in a slightly lower modulus than
observed by the DIC. It can be noted here that the MD simulations
in that study, and by Chen et al., support potential softening
mechanisms by interplanar slip and defect distortion. However, it is
still unclear if neighboring domains can provide a boundary locking
mechanism that would homogenize and globally increase the
observed modulus with increased pressure. These deformation
mechanisms may support the theory that as medium texture do-
mains bend and rotate, the local texture becomes more disordered,
leading to increased stiffness observed in pillar 1 at high
compressive stress.

To consolidate current observations of both models and exper-
iments across length scales for medium to high texture PyC, a
simple evaluation is proposed here. At the nanoscale (<50 nm),
local PyC domain elasticity is dominated by the fundamental
graphite structure with E, < 30 GPa. At microscale (50 nm—5 pm),
the long-range order with associated boundary and orientation
distributions homogenize resulting in a relatively stiff matrix;
modelled values range ~100—200 GPa and experiments range from
55 to 150 GPa, shown here to depend on both texture and pressure
[17,28,63]. With increased deposition thickness, macroscale sam-
ples (>10 um) are likely to contain large scale defects like porosity
that may dominate, resulting in modulus values settling back
around 5—30 GPa [10,16,17].

Lastly, in the context of composite design and modelling, an
experimental method to identify properties and validate elasticity
models at the microscale is of high value. During fabrication of SiC/
SiC composites, it has been shown that thermo-elastic mismatch
and fiber roughness can evolve compressive stresses normal to the
PyC interface of 0.2—8 GPa [50]. The magnitude of residual stress
can be tailored by varying the bond thickness and PyC modulus. A
defined elasticity-texture relationship enables optimization of
deposition parameters to minimize thickness and still promote
deflection. The methodology presented here provides a path for-
ward for defining and validating these necessary structure-
property relationships.

5. Conclusion

This study combined micropillar compression and in situ DIC in
a novel way to explore the elastic properties of the PyC interphase
in as-fabricated SiC/PyC/SiC composites. HRTEM methods quanti-
fied PyC texture and domain size to complement the observed
properties and define the structure-property relationships.
Modulus values ranged from 55 to 150 GPa. The transition in
stiffness is attributed to the evolution of domain misorientation
since the domain size remained nearly constant across PyC thick-
ness while modelling efforts support modulus sensitivity to OA. The
elastic modulus also appeared to depend on applied pressure. It
was postulated that compliant defects may stiffen as interatomic
potential takes over. Quantification of the Poisson ratio was limited
by SEM resolution, but qualitatively increased proportionally with
OA. Ultimately, the large values of E, and sensitivity to OA suggest
that the elastic behavior of PyC follows the homogenization theory
presented by Bohlke et al., but there is room for model develop-
ment to capture 3D domain boundary effects. Micropillar DIC
coupled with TEM offers a path forward to evaluate the true
constitutive relationship between texture and microscale elasticity
of PyC. This has significant implications on atomistic modelling to
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interfacial design for composite optimization. Future campaigns
would benefit from improved DIC resolution and a systematic study
on highly controlled depositions to develop comprehensive and
quantitative structure-property relationships. In situ TEM
compression of PyC could also characterize domain and domain
boundary deformation mechanisms in real time.
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