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ABSTRACT

3D-printed nano-architected ceramic metamaterials currently emerge as a class of lightweight materials
with exceptional strength and stiffness. However, their application is hampered by the lack of knowl-
edge on their mechanical reliability. Characteristics like the fracture strength and their dependency on
environmental conditions are unknown. We herein present and discuss a nanoindentation pillar split-
ting method to measure fracture toughness, elastic modulus, and hardness of 3D-printed nano-ceramics.
We show that two photon polymerization-derived pyrolytic carbon achieves improved fracture tough-
ness over macroscopic forms of vitreous carbon, with values up to 3.1 MPam®>. However, experiments
at different humidity levels reveal that only few, nanometer-sized, surface cavities can cause embrittle-
ment from liquid diffusion, which promotes earlier crack propagation. While comparable effects are less
relevant in macro-size ceramics, this study demonstrates that reliability and durability of micro- and
nano-architected ceramic metamaterials and devices requires toughening design approaches that focus
on size-dependent surface effects.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Pyrolysis of 3D-printed polymeric structures has been shown
highly effective to synthesize complex carbon nano-ceramics with
exceptional mechanical strength and feature-sizes well below the
capabilities of the highest-resolution 3D additive manufacturing
techniques alone [1]. Over the last decades, the evolution of high-
precision 3D-printing techniques, like two-photon polymerization
direct laser writing (TPP-DLW) [2,3], dramatically accelerated a
wide range of research and engineering fields [4-9]. As these tech-
niques are generally limited to polymers, material conversion post-
processing is applied to create ceramic and metallic parts [5]. In
particular, pyrolysis conversion routes are increasingly adopted to
additively manufacture carbon [1,11,12], as well as silicon-based
[10,13,14] structures due to the straightforward process and the re-
sulting superior material properties.

Despite the increasing application of additively manufactured
pyrolytic nano-ceramics, few studies are investigating their intrin-
sic mechanical properties [12,14,15]: measured properties are lim-
ited to strength and stiffness. Other important characteristics, like
hardness and fracture toughness, which are of central relevance for
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ceramics, are unknown. Furthermore, the mechanical behavior of
additively manufactured pyrolytic carbon can be complex [15,16],
and the effects of processing [17-19] and environmental testing
conditions [20], including relative humidity (RH), need to be in-
vestigated for a thorough understanding.

For macroscopic glass ceramics, deleterious humidity effects on
the fracture strength have been widely investigated and are a re-
sult of the concurrent action of multiple effects, including stress-
enhanced chemical reactions between the Si-O-Si bond and wa-
ter at the crack tip [21,22]. Using the double-cleavage-drilled-
compression method in a humid environment (50-56%) [23] an
early study showed that different crack propagation velocities can
be observed for different fictive temperatures of the glass, confirm-
ing that water from the environment reacts with the glass to pro-
mote crack growth [24].

Opposed to silica and soda-lime glasses, only few studies eluci-
date humidity effects on pyrolytic glassy carbon [25,26], showing
less sensitivity to static fatigue in water. In the same works, glassy
carbons with higher elastic modulus are shown to be more resis-
tant to subcritical crack growth [25]. Currently, there are no stud-
ies on how humidity effects should be considered when designing
pyrolytic micro- and nano-architected glass ceramics [1,13,14,27],
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where the characteristic dimension of individual structure ele-
ments, like beam diameters, can be as small as <200 nm.

In this study, we characterized the fracture toughness of TPP-
DLW-derived pyrolytic carbon via nanoindentation micro-pillar
splitting depending on the material’s surface flaw distribution and
the environmental humidity. While this property is typically dif-
ficult to determine at small scales, nanoindentation micro-pillar
splitting has recently been demonstrated as an effective way to
overcome experimental complications [28]. In contrast to estab-
lished small-scale fracture toughness experiments, which typically
involve elaborate and invasive specimen preparation techniques,
such as focused ion beam (FIB) milling, the here adopted combi-
nation of 3D-printing and pillar splitting allowed for the straight-
forward analysis of a statistically relevant number of specimens.

This technique involves the indentation of micro-pillars until
fracture occurs and does not require any post-test measurement
of crack lengths [28-30]. The simple relationship

P
K=Y wm (1)

thereby calculates the fracture toughness, K., with the material-
dependent dimensionless constant, y, the load at which the failure
by splitting occurs, P, and the pillar radius, R. y solely depends on
the material’s hardness-to-elastic-modulus ratio, its Poisson’s coef-
ficient and the indenter tip geometry, and has recently been deter-
mined for a wide range of material and tip combinations via co-
hesive zone finite element modeling [28-30]. In a previous study,
the effect of pillar diameter on measured fracture toughness was
investigated [29] to confirm that y is not dependent on the pil-
lar size, when microstructural features (e.g. grain size) are signifi-
cantly smaller than pillar diameter. Herein, this is the case, as we
tested amorphous pyrolytic carbon pillars with diameter of about
6 pm. When testing the same material under different conditions
the ratio between critical loads (P;) directely provides information
on the variation of the crack propagation resistance, independently
from the calibration coefficient, p.

Pyrolytic carbon micro-pillars were manufactured via two-
photon polymerization direct laser writing (TPP-DLW) and subse-
quent pyrolysis [1]. TPP-DLW was performed using a Photonic Pro-
fessional GT (Nanoscribe GmbH & Co. KG) system equipped with
a Plan-Apochromat 63 x 1.4 Oil DIC M27 (Carl Zeiss AG) objective
and a FemtoFiber pro NIR (TOPTICA Photonics AG) laser [31]. Poly-
meric templates were printed from the photoresist Ip-Dip (Nano-
scribe GmbH & Co. KG) on silicon substrates in a layer-by-layer se-
quence using the TPP-DLW system’s galvanometric mirror scanning
mode, with a laser average power of 19 mW and a writing speed
of 20,000 pum/s. Uniform circular pillars with a height-to-diameter
ratio of two and nominal diameters of 20 pum, and 40 pm, re-
spectively, were manufactured in a [0/60/120/90/150/30] laminate
manner from unidirectional layers, consisting of multiple voxel-
lines with a hatching distance, and a slicing distance between
neighboring layers of 0.1 ym and 0.2 pum, respectively. After TPP-
DLW, samples were submerged in propylene glycol monomethyl
ether acetate (PGMEA) for 20 min, to dissolve uncured photoresist,
followed by a 5 min-long isopropanol bath for further cleaning.
Subsequently, samples were dried using a CPD300 (Leica Microsys-
tems GmbH) critical point dryer. The polymeric templates were
then pyrolyzed to carbon at 900°C for 1 hour in a vacuum tube
furnace, with a maximum ramp rate of 3°C/min [1]. During pyrol-
ysis, all specimens underwent linear isotropic shrinkage of approx-
imately 70%, resulting in pyrolytic carbon micro-pillars with aver-
age diameters of 53 pm and 11.8 pm, respectively, as measured
via scanning electron microscopy (SEM) imaging with a FEI Helios
NanoLab™ 600 dual beam microscope. Surface and internal flaw
distribution were investigated via SEM and scanning transmission
electron microscopy (STEM), respectively.
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Mechanical characterization of the pyrolytic carbon micro-
pillars was conducted with a G200 Keysight nanoindentation sys-
tem equipped with a standard Berkovich diamond tip (Micro Star
Technologies, Huntsville, TX, USA) with a centerline-to-face angle
of 65.3°. To exclude tip positioning uncertainty [32] only experi-
ments where the indenter tip was centered on the pillar surface,
with a minimum position accuracy of 0.5 um, were considered.
This was confirmed via post-experiment SEM observations of resid-
ual marks on the substrate. Elastic modulus (E) and hardness (H)
were determined via continuous stiffness measurement (CSM) on
the top surface of the 11.8 pm-diameter micro-pillars. Before and
after each test the tip was calibrated on a certified fused quartz
reference sample. To minimize boundary effects the maximum in-
dentation depth was set to 150 nm, equal to ~1/80 of the pillar di-
ameter, and E and H values were extracted at an indentation depth
of 100 nm. A Poisson’s ratio of 0.17 was used for the elastic mod-
ulus calculations [33]. Only tests made on pillars that were free of
surface flaws were considered.

Nanoindentation pillar splitting of the 5.3 pm-diameter micro-
pillars at a constant strain rate of 0.05 sec~! was used to evaluate
the fracture toughness of the TPP-DLW-derived pyrolytic carbon.
The specific calibration coefficient for the present material was cal-
culated by polynomial interpolation of the y versus H/E-ratio func-
tion, which has been established by the authors in a previous pub-
lication [29]. The effect of RH on the fracture toughness of the
micro-pillars was investigated for two extreme RH ranges. Humid
air was used to adjust RH to >60% and RH of <5% was achieved by
replacing the environmental air within the instrument sealed cab-
inet with dry nitrogen at room pressure. The RH was measured by
an analog artificial fiber hygrometer.

To investigate the impact of pyrolysis induced flaws on the frac-
ture toughness of TPP-DLW-derived pyrolytic carbon, we character-
ized micro-pillar specimens with and without detectable surface
flaws. Fig. 1a and b show SEM micrographs of representative pris-
tine and surface flaw-containing specimens, respectively. The lat-
eral dimensions of detected surface flaws were measured to be in
the range of 200-500 nm. Independently from the surface condi-
tion, STEM analysis of a diametric vertical cross-section, extracted
via FIB milling (Fig. 1c) revealed no detectible internal defects or
porosity, as well as a completely amorphous microstructure.

Fig. 2 compares the nanoindentation behavior, reporting the
elastic modulus (E) and hardness (H) depth profile measurements,
at RH <5% and RH >60%, as obtained from 11.8 pm diameter py-
rolytic carbon micro-pillars. Independent from RH, average val-
ues of E=46.944.2 GPa and H=7.74+14 GPa were found. The re-
ported values of elastic modulus and hardness served as input for
the polynomial interpolation of the y versus H/E-ratio function
[29] for the determination of the dimensionless coefficient (y ). For
the pyrolytic carbon and the Berkovich indenter of this study, the
computed gamma coefficient was 0.16+0.1.

Fig. 3 shows the splitting experiments with the pyrolytic car-
bon micro-pillars and the corresponding results. A representative
arrangement of the splitting procedure with a specimen with sur-
face flaws is given in Fig. 3a. Indentation marks just before frac-
ture, after the specimen has been loaded to 50 mN, showed the
presence of surface concentric ring cracks (Fig. 3b), as characteris-
tic for glassy carbon [34]. Focused ion beam cross-sectional anal-
ysis of the residual indentation imprints revealed the presence of
pronounced median cracks (Fig. 3c¢). The considerably larger size
compared to the concentric ring cracks, which were observed from
the top-view, suggests median cracks are the main driving force
for unstable failure. Ring cracks had a 45° orientation, consistent
with the shear deformation of the material in the indentation
volume. A video of a FIB tomography is available in the supple-
mentary material. While the specimens fully fragmented during
fracture, post-mortem SEM micrographs confirmed proper inden-
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Fig. 1. Representative SEM micrographs of pyrolytic carbon micro-pillars (a) without and (b) with observable surface flaws, respectively. Images are acquired at 52° tilt. (c)
STEM micrograph of a lamella extracted from the diametric vertical cross-section of a pillar.

2.50
s |@
£ 2.00
K
Q150
£
3]
%]
< 1.00
o
T
§ 050 ©RH >60%
a ORH < 5%
0.00 3 1
0 50 100 150 200

Displacement Into Surface (nm)

Eso (C)

o RHHHHHHHH X
gso F

EZO i = RH > 60%
' ® RH < 5%

Displacement Into Surface (nm)

12
d
{C)
©
S0 I
b
@ °F
o
BT ast
£ = RH > 60%
2t e RH < 5%
o , , . , .
0 30 60 90 120 150 180

Displacement Into Surface (nm)

Fig. 2. Nanoindentation continuous stiffness measurements (CSM) performed on ~12 pm-diameter pyrolytic carbon micro-pillars. (a) Representative load - depth curves and
(b) residual Berkovitch imprints alongside (c) elastic modulus - depth profiles and (d) hardness - depth profiles at relative humidity (RH) values of <5% and >60%.

ter positioning via the residual Berkovich imprint on the speci-
men substrate. Fig. 3d and e show load-displacement curves for
pristine structures and specimens with surface defects measured
at RH values of <5% and >60%, respectively. In all cases, a clear
displacement burst was observed corresponding to failure via un-
stable crack propagation. Independent from the surface quality,
experiments showed good reproducibility at RH <5%, with split-
ting loads of 74.948.8 mN, corresponding to calculated K. val-
ues of 2.8040.3 MPam®>. In contrast, splitting loads at RH >60%
were significantly affected by the testing humidity with notably
increased scatter and decreased average values of 64.1+15.6 mN;
average K. value of 2.274+0.6 MPam®> were 20% lower than for RH
<5%.

Correlation of load-displacement curves with SEM images be-
fore splitting revealed a humidity-dependent sensibility of the frac-
ture toughness to the presence of surface flaws. Fig. 3f elucidates
the observed behavior: for tests at RH >60%, surface defects had
a detrimental effect, reducing K. by up to 41% compared to the
most pristine specimens; in contrast, surface defects only caused
minor scatter in the fracture toughness at RH <5%. However, pris-
tine specimens reached similar K. for both RH <60% and RH <5%.
These results were consistent over more than 5 pillars tested for
each RH.

Our results well corresponded to previously reported micro-
pillar compression measurements [11,12,15], demonstrating good
transferability between different characterization approaches. We
found that the fracture toughness of TPP-DLW-derived pyrolytic
carbon, with average values of 2.3-2.8 MPam%°, was up to 500%
higher than that of macroscopic forms of vitreous carbon, which
typically lies in the range of 0.5-1.4 MPam®> [25,33,35]. Speci-
mens in this work were completely amorphous, absent of STEM-
detectable internal defects and showed only a limited presence of
surface flaws. In contrast, macroscopic pyrolytic carbon is usually
characterized by a significantly higher flaw distribution, as well
as a nanoporous microstructure with small layered (graphite-like)
[26,35] or core-shell [36] domains, that induce anisotropy in the
fracture toughness. Therefore, the found toughness increase is ex-
pected. It should be noted though, that the numerical values in this
study may be subject to a certain quantitative uncertainty from the
coefficient p in Eq. (1), which only accounts for radial cracks (ei-
ther Palmgqvist-like or median/radial). Since median cracks clearly
dominated the experimental behavior, as confirmed by the FIB
cross-section, y values may sufficiently well represent the materi-
als behavior, though, despite not considering the observed smaller
surface ring cracks, which are characteristic of pyrolytic glassy car-
bon [34]. Also, it is emphasized that the observed crack geometry
(Fig. 3b and c) was throughout this study consistent and the ratios
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Fig. 3. (a) Representative arrangement of the pillar splitting testing procedure on a pyrolytic carbon micro-pillar with surface flaws. Observed (b) surface morphology and
(c) FIB cross-section of the indent just before splitting failure. Representative load-displacement curves at a relative humidity (RH) of (d) <5% and (e) >60%. (e) average
fracture toughness comparison at the two RH ranges for pristine and defected pillars (colors in Fig. 3f correspond to colors in Fig. 3d and e).

between the found toughness values under different conditions are
hence quantitatively valid.

Being based on the interaction between internally propagating
cracks and the free surface, pillar splitting is able to to detect sen-
sitivity of the fracture toughness to surface conditions, such as
residual stress and defects. Recently, splitting of FIB-milled micro-
pillars has been used to measure diameter-dependent toughening
from FIB-induced residual stress on the external surface of the pil-
lars [32].

According to a previous study [37], the dependency of of a
semi-elliptical crack approaching a free surface can be described
by a stress intensity magnification factor (K;) modifying the semi-
infinite stress intensity factor:

A F

K R
—<c 312
1-5 ¢

(2)

where c is the crack length, F is the applied force, R is the pillar
radius and A is a constant that may change depending on the sur-
face conditions of the pillar. Surface cracks and chemically induced
weakening, such as associated to water diffusion, contribute to A
and thus K;, promoting early splitting failure. Given the statistical
nature of this phenomenon, it is expected that the main effects
on experimental results would be the increase of scattering of the
data when testing at higher humidity levels. In support of this hy-
pothesis, (i) the fracture toughness of specimens without surface
flaws was observed to be independent of the testing humidity and

(ii) the absence of water despite the presence of surface flaws did
not cause as pronounced toughness knockdowns.

The found sensitivity to the environmental humidity of the frac-
ture toughness of TPP-DLW-derived pyrolytic carbon may be ex-
plained by a scale-dependent interplay between the RH-level and
the flaw distribution of the material. With water contact angle val-
ues in the range of 50-70° [38,39], pyrolytic carbon and similar
materials are reported hydrophilic, suggesting that at elevated hu-
midity, the presence of surface flaws allows water diffusion into
the material of our micro-pillar specimens (Fig. 4). Chemical re-
actions between water and the glassy carbon may have induced
local weakening of the material, functioning as a stress intensity
magnification factor during the pillar splitting experiments, simi-
larly as reported previously for silica and soda-lime glasses [40,41].
However, humidity sensitivity has not been reported in macro-
scopic pyrolytic carbon although it typically contains a consider-
ably higher population of notably larger flaws than the specimens
of this study, which should promote diffusion. Although seemingly
counterintuitive the humidity sensitivity in this study may be re-
lated to a size-effect: at small scales, increased surface-to-volume
ratios amplify detrimental surface effects. Even though decreasing
flaw size is well known to enhance toughness, the effects of chemi-
cal surface modifications may be expected to increase with smaller
specimen size as well. Capillary pressure from the enclosed water
may additionally have caused a change in the stress distribution
around the surface flaws. However, this effect is less clear, since
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Fig. 4. Interaction mechanism between indentation induced main crack and surface flaws to increase stress intensity magnification factor and, consequently, reduce the

critical splitting load.

swelling-induced stress could also increase the fracture resistance
[42,43].

This study demonstrates that fracture toughness in additively
manufactured nano-ceramics is, in contrast to macroscopic ce-
ramics, a surface dominated characteristic, where processing-
induced cavities and nano-porosity can have a paramount effect
on reliability and durability. Different humidity conditions repre-
sent a ubiquitous boundary condition for almost any application.
Consequently, toughening material design in micro- and nano-
architected metamaterials and devices will need to have a strong
focus on surface effects like the found capillary embrittlement. The
observed humidity effect can have a remarkable impact on the
scale-up of such architected materials in a wide range of applica-
tions, especially in biomedical and micro-fluidics fields.
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