In-situ nanoscale ablation
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An understanding of the ablation of carbon-based materials is crucial to modeling the
behavior of atmospheric entry spacecrafts equipped with thermal protection systems (TPS).
Carbon is the backbone of TPS systems such as PICA (phenolic-impregnated carbon ablator).
Therefore in the present work we study ablation of highly oriented pyrolytic graphite (HOPG)
in oxygen at temperatures up to 1000°C done within a gas reaction cell housed in a scanning
transmission electron microscope (STEM). Observation of the HOPG oxidation on specimens
sectioned parallel and normal to the carbon basal planes in the presence of oxygen are reported.
Pitting caused by residual oxygen and/or platinum particles from the sectioning process was
observed before oxygen gas flow was established at 750 °C in the specimen sectioned with the
carbon basal planes parallel to the beam direction. Introduction of oxygen flow caused rapid
oxidation moving in a uniform front that completely consumed the HOPG in approximately 1.5
minutes. The specimen sectioned with the carbon basal planes normal to the beam direction did
not show the same pitting phenomenon but exhibited rapid oxidation at 1000°C that proceeded
in a uniform front and completed in approximately 1 minute. All specimens tested had a husk
resembling the original specimen shape left over after oxidation. It is concluded that this husk is
most likely ash impurity from the HOPG or impurities from the sectioning process or E-chip. A
residual gas analyszer (RGA) was successfully used to monitor gas flows during the experiments
but was yet unsuccessful in monitoring oxidation gas products produced during the experiment.
Future studies will optimize the RGA setup in order to maximize the potential for detecting
these species. These in-situ studies successfully show how this highly ordered carbon ablates on
a nano- and micro-scopic length scale and can be used to provide fundamental understanding
of carbon ablation that can be used to design the next-generation of TPS systems.

I. Introduction

ATMOSPHERIC entry spacecrafts are equipped with thermal protection systems (TPS) to shield the payload from

extreme heating. The material used for TPS is usually a composite made of a solid porous matrix and a polymer.[1]
One such example is PICA (phenolic-impregnated carbon ablator) which was used for many NASA missions, such as
Mars 2020[2]]. PICA is a low-density, high-porosity ablative material made of a carbon fiber preform, FiberForm,®
impregnated with phenolic resin. During the heating phase of the atmospheric entry, the phenolic rapidly pyrolyzes,
with only the charred preform remaining.[3, 4] The exposed carbon fibers interact with the oxygen in the atmosphere —
or species containing oxygen, such as CO, — and start to oxidize. The ability of the charred carbon fibers to survive the
harsh entry conditions is directly linked to the carbon oxidation rates at high temperature and under an oxygen-rich
environment.
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From a fundamental standpoint, the chemistry of carbon oxidation remains poorly understood. Decades of research,
starting in the 1950’s,[5]] have yielded global models of carbon oxidation where all the elementary processes are lumped
into a few global reactions. Other global models have been developed using chemical equilibrium assumptions, and were
verified using high enthalpy experiments[6]. Detailed kinetic mechanisms, including molecular-scale processes, remain
elusive despite recent efforts to bridge the gap between microscopic and empirical approaches[7, 8]. More recently,
molecular beam experiments have been performed to provide a better understanding of the interaction between the hot
carbon char and oxygen.[9,[10]. These experiments have led to the construction of a finite-rate kinetic model based on
reaction probabilities.[[11} [12]] Contrary to previous models which are largely based on empirical measurements,[/13} [14]
all the individual rates are directly calculated from molecular beam data.

One important aspect of oxidation relates to the evolution of the carbon surface topology, the phenomenon generically
called “pitting”. Past experimental studies have found that in certain conditions, oxidation does not occur uniformly but
takes the form of pits or crater-like cavities, randomly scattered across the otherwise smooth carbon surface.[[15H17]]
These pits initiate at atomic vacancies, defects, or basal plane carbon atoms[[17, [18], eventually reaching the scale of the
diameter of the fibers.[[19] Hahn [18]] observed that the frequency, size and initiation sites of the pits on highly oriented
pyrolytic graphic (HOPG) varies with temperature. At temperatures of less than 875°C, pits were only initiated by
defects, while at higher temperatures, they were also initiated from basal plane layers.

Over the years, two main techniques have been used to perform in sifu environmental transmission electron
microscope (TEM) studies. The first method involves directly introducing gas in the high-vacuum column of a dedicated
environmental TEM (ETEM). [20, 21] However, this method severely limits the partial pressure of the reactive gas, as
the column must remains at very low pressure. Moreover, the method is not without risks as the TEM column can
be contaminated with the reactive gases. A more recent approach makes use of a specially designed closed cell gas
reaction gas-cell holder.[22} 23]] With this method, the sample is contained within electron transparent silicon nitride
membranes and the temperature, pressure and gas environment is controlled. The environment within the gas cell can
be controlled by setting: a static gas quantity or gas flow, the temperature from ambient up to 1000°C and the pressure
up to 1 atm. Additionally, the layer of gas in the cell is thin, thereby maintaining high spatial resolution. [24]

The surface roughness due to pitting affects the reactive area of the material, and therefore, the net oxidation rate.
The current state-of-the-art resorts to ad hoc models of surface evolution. [25] Since the onset and propagation of
this phenomenon is not fully understood, it is difficult to accurately predict the available reactive area or the oxidation
rate. A better understanding of the evolution of pitting on a much smaller length scale is thus needed. The goal of this
work is to study the oxidization of carbon at the microstructural-level. Previous work[[19} 26] has determined the bulk
properties of FiberForm during oxidation in air, O, and CO,. A first set of in situ experiments[27]] built on that work
to illuminate the microstructural-dependent properties of FiberForm and carbon such as the mechanism of pitting as
opposed to the bulk properties such as mass loss and recession at given temperatures and reactant flow rates in previous
work[[19]. To this end, a thin section of FiberForm® was heated in a closed gas-cell under a steady flow of air while
being examined in real-time using a scanning transmission electron microscope (STEM). The results of that experiment
demonstrated the use of this technique to derive rates, but also highlighted the difficulty of working with FiberForm — a
very material that contains carbon under various forms — to obtain general rates. Here, the procedure is repeated in a
more controlled manner, using a well characterized and homogeneous carbon material: HOPG.

I1. Experimental Procedures

Highly oriented pyrolytic graphite (HOPG) was obtained from SPI Supplies (West Chester, PA, USA). The
10 x 10 x 3 mm? piece of HOPG Grade 2 had a mosaic angle of 0.8°, a lateral grain size of 0.5 mm and purity of
99.99%. A FEI Helios Nanolab 660 located in the Electron Microscopy Center at the University of Kentucky was used
to mill thin specimens parallel and normal to the carbon basal planes. Briefly, a thin strip of platinum was deposited on
top of the HOPG and then the gallium ion beam was to mill on both sides of the strip. The section was attached to the
manipulator and lifted out. After attaching to a transmission electron microscope (TEM) grid, the section was further
thinned using the ion beam until transparent to electrons. The thin section of HOPG was finally transferred to the SixNy
window of a Protochips (Morrisville, NC, USA) Atmosphere E-chip. The section was secured to the SiC surrounding
the window in order to provided resistive heating during the experiment.

The E-chip with a thin section of HOPG was then installed into the Atmosphere holder according to manufacturer’s
instructions in order to create a gas-tight seal that was confirmed using a vacuum chamber up to 1 x 10~® mbar. The
holder was then inserted into a FEI Titan S aberration-corrected scanning TEM (STEM) operating at 300 kV, in the
Center for Nanophase Materials Sciences at Oak Ridge National Laboratory. Ar and O, (Ultra-high purity, Airgas)



were supplied to the E-chip through the included Atmosphere gas manifold system. Further details on the use of the
Protochips Atmosphere setup for studying closed-cell high-temperature gas reactions can be found in Unocic et al. [23].
During the experiment, in situ imaging was simultaneously captured in bright-field (BF) and annular dark-field (ADF)
imaging modes and video was collected by the integrated Axon Studio software.

A SRS-100 (Sunnyvale, CA, USA) Residual Gas Analyzer was installed downstream of the Atmosphere holder by
0.53 mm inner diameter PEEK tubing to verify gas flow through the E-chip and to observe possible reaction products.
The RGA was operated in pressure versus time mode during the experiments monitoring mass-to-charge ratios (m/z)
associated with hydrogen, water, nitrogen, oxygen, argon and carbon dioxide.

III. Results

A. Oxidation with Planes Parallel to Beam

The first HOPG section installed in the Atmosphere E-chip for experimentation was sectioned to a thickness of 265
nm at its thickest point and the viewing direction and the electron beam of the STEM were parallel to the carbon basal
planes. The E-chip was heated to 750°C in the presence of Ar gas before switching to O,. Selected bright-field STEM
images over the course of the experiment can be found in Fig.[I] Initially the section is 9.7 um in width and 8.2 pm in
height with horizontal lines running across the width indicative of groups of basal planes which can be seen in Fig. [T(a)
before the E-chip reached 750°C. Immediately upon the E-chip reaching 750°C the section developed a significant
cluster of pits on the bottom portion seen in Fig. [T{b). The development of these pits is interesting as O, had not been
introduced yet and the RGA showed no detectable levels as indicated by the pressure versus time plot in Fig.

T=750°C 12:57:51 T=750°C
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Fig.1 Selected bright-field STEM images from the oxidation experiment on HOPG segment with carbon basal
planes parallel to the electron beam at 750°C.



8e-06 ‘ ! !

e
7e-06 4 | —— COx ~

6e-06 — -

5e-06 —| -

3e-06 =

Partial pressure (torr)
B
i
(=]
[=2]
!
T

2e-06 =

le-06 — =

T T T T T T
12:56:37 12:58:17 12:58:57 13:01:37
Time

Fig. 2 Pressure versus time plot from the Residual Gas Analyzer downstream of the HOPG segment shown in
the previous figure.

It is possible that there is a small amount of O, present in the E-chip that is not detected by the RGA or absorbed
oxygen on the surface of the carbon that could be responsible for the pitting. The non-uniformity of the pitting suggests
there may be a catalytic interaction between the platinum used to adhere the HOPG section to the SiC substrate. The dark
dots seen on the corners and bottom surface of the section in FiG. [I]are platinum used during the sectioning and transfer
process. There appears to be a streak of pits originating from the bottom left of the image and moving upward toward
the center of the HOPG section. It is possible that the platinum on the bottom surface became mobile at the increased
temperature. Zhou and Gulari [28]] found that platinum thin films deposited on HOPG exhibited morphological changes
above 300°C with more significant changes happening at higher temperatures. Another study found that Pt clusters on
HOPG transformed into different shapes at 600°C.[29] These mobile Pt nanoparticles could have moved across the
surface of the HOPG catalyzing carbon oxidation forming pits along the way. Once the pits were established at 750°C
the structure was reasonably stable with no further oxidation observed until O, flow began in Fig. [Ife).

Oxygen gas flow was then initiated by the gas manifold software and immediately witnessed by the RGA as seen in
Fig.[2l As aresult of the flow, oxidation is rapid and moves in a uniform front from the bottom and left of the viewing
area. Oxidation takes approximately 1.5 minutes to complete. After which, all that remains is what appears to be a
“husk"” of the specimen. The husk eventually detaches from the bottom of the window and folds up suggesting that the
platinum holding the specimen in place migrated, weakening the adhesion to the SiC substrate around the window.

B. Oxidation with Planes Normal to Beam

The second HOPG section installed in the Atmosphere E-chip for experimentation was sectioned such that the
thickest section in the viewing area was 376 nm (top left of Fig.[3) and tapered down to a thickness of 207 nm in the
bottom right of the image. The viewing direction and the electron beam of the STEM were normal to the carbon basal
planes. The E-chip was heated to 1000°C in the presence of Ar and no noticeable oxidation was observed. Despite
the higher temperature compared to the previous experiment, no noticeable migration of platinum or pitting can be
observed.

A small flow rate of O, was then set with the gas manifold software and verified with RGA. Again, no observable
oxidation was present so the flow rate was increased. At this flow rate (panels (a)-(c) in Fig. [3) the effects of oxidation
are small but noticeable. Namely, there is a thinning of the bottom right edge of the section indicated by the lighter
gray-scale. Additionally, it appears that stacks of carbon basal planes in the HOPG section are being oxidized from the
edges towards the top left direction. These stacks are apparent in the heterogeneity of the grey-scale in the thickness of
the section.

The flow rate of O, was once again increased starting with panel c in Fig.|3] At this flow rate, oxidation was rapid
and progressed in a uniform front from the bottom right and bottom left edges towards the top of the section. Oxidation
appeared to complete approximately 1 minute later (Fig. [3(f)). Again leaving behind a husk that remained stable with
increasing oxygen flow rate.

This phenomenon of a remaining "husk" after oxidation was observed in all experiments regardless of section type.
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Fig. 3 Selected bright-field STEM images from oxidation experiment on HOPG segment with carbon basal
planes normal to the electron beam at 1000°C.

The parallel section from the previous section along with this normal section. Additionally, another normal section
specimen demonstrated the husk phenomenon and is shown in Fig. ] It is unlikely that these husks are remaining
un-oxidized carbon. The husk could be ash remaining from the HOPG. The manufacturer reports the purity of this
HOPG to be 99.99% with 10 ppm ash. It is also possible that byproducts from the sectioning process (such as Pt or
residual gallium) or from the E-chip could contribute to this husk formation. The extremely small amounts of material
make it difficult to confirm with post-mortem analysis.

C. Use of Residual Gas Analysis

Finally, the use of RGA was vital to confirming gas flow throughout the oxidation experiments. Fig. [5]shows the
partial pressure associated with the m/z ratio for O, over the course of an in-situ experiment. During the pumping and
purging of the E-chip, 400 s, the O, pressure gradually decreases. This step is done before all experiments to remove
residual gases in the E-cell. Next, the E-chip is evacuated of all gases to start at vacuum, 550 s. Around 600 s, O, flow
is established in the E-chip. At 660 s into the experiment, the O, flow is increased and then stepped down in order to
correlate the gas manifold software to the RGA gas pressure response. This shows that the RGA is sensitive to changes
in the gas flow imposed by the manifold software and that the RGA can be used to monitor gas flow in the E-chip. While
gas flow imposed by the gas manifold software was readily detected by the RGA, definitive evidence of product gas
species from the oxidation such as CO and CO, was not found. Future work will be done to optimize the experimental
setup of the RGA system in the location downstream of the E-chip. This is to give the best chance to monitor reaction
gas products during in-situ STEM experiments.
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Fig. 4 Bright-field STEM images (a) before and (b) after an oxidation experiment on a HOPG segment with
carbon basal planes normal to the electron beam at 1000°C.

IV. Conclusion

First of its kind in-situ observations of HOPG oxidation on specimens sectioned parallel and normal to the carbon
basal planes in the presence of oxygen are reported. Pitting caused by residual oxygen and/or platinum particles from
the sectioning process was observed before oxygen gas flow was established at 750°C in the specimen sectioned with
the carbon basal planes parallel to the beam direction. Introduction of oxygen flow caused rapid oxidation moving in
a uniform front that completely consumed the HOPG in approximately 1.5 mintues. The specimen sectioned with
the carbon basal planes normal to the beam direction did not show the same pitting phenomenon but exhibited rapid
oxidation at 1000°C to proceeded in a uniform front and completed in approximately 1 minute. All specimens tested had
a husk resembling the original specimen shape left over after oxidation. It is concluded that this husk is most likely ash
impurity from the HOPG or impurities from the sectioning process or E-chip. RGA was successfully used to monitor
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Fig.5 RGA pressure versus time plot for the HOPG section in Fig. EI showing the m/z signal for O,.

gas flows during the experiments but was yet unsuccessful in monitoring oxidation gas products produced during the
experiment. Future studies will aim to optimize the RGA setup in order to maximize the potential for detecting these
species.

The results presented here shows the possibility of using in situ electron microscopic technique to characterize

carbon oxidation, and thus a path to providing clean data to validate nano-scale models[30-33]].
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