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One limitation on plasma thruster lifetime for space propulsion is plasma erosion of ceramic insulators.
The underlying plasma erosion mechanism remains scarcely understood. In this work, polycrystalline a-
Al2O3 was exposed to a high energy density plasma for up to 30 min using Cu and W electrodes. The
damaged structures were studied by scanning and transmission electron microscopies. It was found that
plasma-induced damage includes not only surface erosion but also damage down to a depth of ~1 mm.
The surface damage including cracking, formation of surface nanostructures, g-Al2O3 and epitaxial in-
tergrowths of a-Al2O3, is caused mainly by ion-based sputtering, rapid surface melting and quenching.
Deeper damage, i.e. formation of Al nanoparticles and O2 bubbles, is caused by the electron-induced
decomposition of both a- and g-Al2O3 via electronic excitation. Electrode impurities, especially the W
impurities sunken in the molten Al2O3, act as a local heat source and cause expansion of g-Al2O3 and Al
regions. Furthermore, the impurities react with Al to form Al2Cu and Al5(W,Cu) particles. The Al2Cu are
formed as surface dendrites and nanoparticles within the Al matrix. The Al5(W,Cu) having Al- and W-rich
nano domains is determined to be a rhombohedral structure with lattice parameters of a ¼ 0.490(3) nm,
c ¼ 2.632(4) nm and a space group of R3c. This study indicates that besides surface erosion, deeper
damage caused by electrons and impurities should be considered when evaluating thruster plasma
damage on ceramics.

© 2017 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

With the development of plasma for fusion reactors and space
propulsion, plasma-material interactions are of great importance as
they critically influence the safety and performance of fusion re-
actors and plasma thrusters [1]. Until now, plasma-material inter-
action studies have been made mainly on tungsten (W) used in
fusion reactors [2], while those for plasma thrusters are far from
being sufficient [3,4]. Unlike fusion reactors, plasma thrusters
require the use of ceramic insulators as a discharge chamber,
thruster wall and nozzle [5e8]. These ceramics have high surviv-
ability under high temperatures, an insulating nature, low sput-
tering yield, and a low effect of their sputtering products on
spacecraft surface optical and thermal properties [5,7]. Candidate
ceramics are BN and its composites, SiO2, and Al2O3 [8].

The high density and high temperature thruster plasma condi-
tions (Te ~ 2e40 eV, ne ~ 1017 - 1020 m�3) can cause excess erosion of
.

lf of Acta Materialia Inc.
ceramics. Such erosion results in mass loss, change of plasma
equilibrium boundary conditions and eventually thruster failure
because of deficient thermal and electrical insulation [5]. To date,
studies on plasma erosion have been investigated in terms of
erosion rate [9,10], surface morphology and chemical composition
change [3,4,11]. These erosions are explained by ion-induced sur-
face sputtering and implantation based on elastic collisions. How-
ever, for plasma composed of multiple species, besides elastic
collision, one damage mechanism should be considered is ioniza-
tion, especially for ceramics with covalent or ionic bonds. By
damaging the electronic structure, ionization can cause bond
rupture, charged defects, enhanced defect diffusion, electronic
excitation, and even permanent defects [12,13]. This damage can be
caused by ions, electrons and even photons, and is accelerated at
elevated temperatures [14]. For the thruster plasma with relatively
low ion energy (keV or lower) but high density electrons, photons
and accompanied high temperature, it is possible that plasma
damage on ceramics can occur via multiple mechanisms rather
than surface sputtering. Comprehensive understanding of plasma
erosion behavior on ceramics is crucial.
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In addition to plasma, inevitable electrode impurities caused by
plasma erosion can also be injected into ceramics, adding
complexity to the measurement of sputtering yield as well as
erosion kinetics. This complexity becomes evident during pro-
longed operation at increased impurity fluence. Currently, mate-
rials used for plasma electrodes are copper, brass, molybdenum,
aluminum, stainless steel and copper-tungsten alloy. Among them,
copper (Cu) and copper-tungsten (Cu-W) alloys with low erosion
rates are preferred [15].

In this study, Al2O3 was exposed to a z-pinch plasma using Cu
and W electrodes. The z-pinch plasma offers a short duration
(~10e50 ns) but high energy density (ne ~ 1019 - 1020 cm�3) plasma,
causing high temperature and extremely high heating and cooling
rates. Such a z-pinch plasma is normally used for extreme ultravi-
olet (EUV) lithography [16], thin film deposition [17] and surface
nanotechnology [18,19]. Because of the equivalent plasma condi-
tion to the thruster plasma, but possessing a much higher electron
density, the z-pinch plasma can be used to study thruster plasma
damage of ceramics after prolonged operation. By studying the
damaged microstructure under different plasma exposure times
using scanning and transmission electron microscopy (SEM, TEM),
we aim to acquire a comprehensive understanding of the effects of
plasma and electron impurity damage on Al2O3 ceramic.

2. Experimental

Polycrystalline a-Al2O3 was sintered at 1600 �C for 2 h with a
ramping rate of 7 �C/min, by using commercially available alumina
A16SG powders (Sigma-Aldrich, St Louis, MO) with a chemical
purity of 99.8%. The sintered pellets were 10 mm in diameter and
3 mm in thickness. The relative pellet density was of >98.0%, and
the average grain size was ~3 mm. The pellets were sliced in half
from the middle thickness plane. The sliced plane was then ground
down to a thickness of 1 mm and mirror-polished downwith a grit
of 0.25 mm diamond paste. After annealing for 30 min at 1300 �C in
air to remove surface residual damage and carbon contamination,
samples were exposed to plasma.

The plasma experiment was performed in the XCEED facility
(developed in the Center for Plasma-Material Interaction (CPMI) at
the University of Illinois at Urbana-Champaign), which could pro-
duce an energetic, high density (Te ~ 30 eV, ne ~ 1020 cm�3, ioni-
zation states up toþ12) z-pinch plasma. Each pulse lasted 10 ns, but
generated an energy density of ~20 J/cm2 [18]. A coaxial plasma gun
composed of an inner W cathode and an outer Cu anode was used,
where the plasma had a cylindrical dimension of 3 mm length by
1 mm radius. Ar was used as the plasma gas. At ambient temper-
ature under a vacuum of 8 � 10�4 Pa, samples were positioned at
2 cm away from the pinch, and exposed at a frequency of 40 Hz and
a discharge voltage of 2 kV. The exposure times ranged from 1 to
30 min. The ion energy, according to our previous measurements,
could reach 14 keVwith an energy distribution peak at 2.5 keV [20].

Microstructure characterizations were conducted using X-ray
diffraction (XRD), SEM and TEM. XRD was carried out with
Seimens-Bruker D5000 X-ray diffractometer with Cu Ka radiation
(l¼ 1.540598 Å). SEMwas conductedwith a Hitachi S4800 FE-SEM,
and JEOL 6060LV SEM equipped with energy-dispersive X-ray
spectroscopy (EDS). SEM acceleration voltages were set at 5 kV for
imaging and 20 kV for EDS analysis, respectively. Cross-sectional
TEM samples were prepared using FEI Helios 600i focused ion
beam/scanning electronmicroscopy (FIB/SEM). During TEM sample
preparation, the samples were first coated with carbon, and then a
Pt/C protective layer with e- and i-beams. TEM characterizationwas
conducted using JEOL 2010 LaB6, JEOL 2010F scanning TEM (STEM)
and JEOL 2200FS Cs-corrected STEM equipped with a high angle
annular dark field (HAADF) detector, where all were performed at a
voltage of 200 kV. TEM-EDS were conducted on both JEOL 2010F
and JEOL 2200FS TEMs. Samples for TEM-EDS observation were
welded on to Mo FIB grids.

3. Results

For the pristine a-Al2O3, the XRD result in Fig. 1(a) shows single
phase a-Al2O3. TEM image in Fig. 1(b) indicates a dense and defect-
free a-Al2O3 structure. Fig. 1(c) is a SEM image of the polished and
annealed surface before plasma exposure, revealing a flat and
featureless morphology. Samples after plasma exposure were
observed on both surface and cross-section, as will be described
below.

3.1. Surface observation

Fig. 2 presents SEM images of the Al2O3 samples exposed to
plasma for different times. Dense spherical particles were
observed on the surfaces of samples exposed for 1 and 2 min, and
the average particle size increased with time up to ~500 nm
(Fig. 2(a) and (b)). These particles were identified to be mainly W
by EDS in Fig. 2(g), suggesting substantial sputtering of the W
electrode. The aggregated particles tended to sink into the Al2O3

matrix (as indicated by arrows in Fig. 2(b)), causing extrusion of
the surrounding matrix. Cracks having a width of ~40 nm were
formed, mainly from the plasma-induced large thermal stresses.
W particles were also observed to distribute and sink along the
cracks. No evident surface roughening was observed in samples
exposed for up to 2 min.

After plasma exposure for 3 min, as seen in Fig. 2(c), the W
particle size increased up to 3 mm, but their volume fraction
decreased. Crack networks were well developed with the colony
size close to the grain size, indicating cracking along grain bound-
aries. Large amounts of spherical holes with sizes equivalent to
those of the particles were distributed mainly along the cracks.
These holes would be from sputtering-induced particle detach-
ment. In addition, dark regions appeared mainly along the cracks in
the form of both fine strips (~100 nm inwidth) and irregular shapes
with sizes ranging from 1 to 20 mm. Surface features of the sample
after plasma exposure for 30 min were similar to those exposed for
3 min, but extensive interlinking and expansion of the dark regions
with particle clusters distributed on their surface (Fig. 2(d)). For-
mation of the dark regions generated surface roughening, as evi-
denced by tilting the sample to 52� on the specimen stage (Fig. 2(e)
and (f)). These dark regions were determined to be Al by EDS shown
in Fig. 2(h). Particles formed on top of the Al region contained not
only W but also substantial amounts of Al (Fig. 2(i)), indicating a
reaction between Al and W particles.

Besides forming along cracks, the dark Al regions also formed
underneath the surface and caused surface extrusion and bursting,
as shown in Fig. 3(a) and (b). Cross-sectional images in Fig. 3(c) and
(d) revealed that the Al regions could extend down to a depth of
~5 mm, with particles of size >0.2 mm always embedded. Weak
attachment between Al and Al2O3 was evidenced by the collapse of
the extruded skin and micro-cavities at the Al/Al2O3 interface (as
indicated by arrows in Fig. 3(d)).

Plasma-induced surface nanostructures were also investigated.
Due to the dense impurity particles, nanostructures on the surface
of Al2O3 were hardly distinguishable at an exposure of less than
2 min. At above 3 min exposure, spherical nanostructures with a
diameter of ~20 nm were distributed uniformly on the surface of
Al2O3, as shown in Fig. 4(a). Surface structure on the Al region was
different. Nanostructures with a diameter of ~50 nm and dendrites
with sizes ranging from 0.2 to 1.2 mmwere observed on the surface
of the Al region, as seen in Fig. 4(b) and (c), respectively. The



Fig. 1. Microstructure of the pristine a-Al2O3: (a) XRD, (b) TEM image, (c) SEM image of the polished and annealed surface before plasma exposure.

Fig. 2. SEM surface images of Al2O3 after plasma exposure for different time: (a) 1 min, (b) 2 min, (c) 3 min, (d) 30 min, (e) and (f) surface tilted by 52� of (c) and (d), respectively;
(g)e(h) EDS spectra of regions 1, 2 and 3 marked in (b) and (d), corresponding to the particles, dark region and particles on the surface of dark region, respectively.
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formation of dendrites indicatedmelting and solidification in the Al
region. In contrast to the spherical W particles formed on the sur-
face of Al2O3, surface particle clusters on the Al regions were
generally faceted having size of ~1 mm, and some particles even
grew into acicular shapes, as shown in Fig. 4(d).
3.2. Cross-sectional observation

Cross-sectional TEMwas conducted on samples exposed for 2, 3
and 30 min, which corresponded to the microstructure before and
after evident formation of Al, respectively.



Fig. 3. Surface Al bulges on Al2O3 exposed to plasma for 3 min: (a) and (b) 0� tilt, (c) and (d) 52� tilt of the cross-section from lines in (a) and (b), respectively. White arrows in (d)
indicate the cavities at the Al/Al2O3 interface.

Fig. 4. Surface features after plasma exposure for 3 min: (a) nanostructures on Al2O3; (b) nanostructures, (c) dendrites and (d) particle clusters developed on Al after 30 min
exposure.
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In the sample exposed for 2 min, as seen in Fig. 5(a), dense
cavities of ~2 nm in size were formed homogeneously, the cavity
distribution could extent down to a depth of ~1 mm. In addition,
banded regions with varied contrasts were formed along [0001]a-
Al2O3 direction and extended to a depth of ~50 nm. Nano beam
diffraction (NBD) patterns shown in Fig. 5(b) obtained from these
regions indicated that they were crystalline a-Al2O3, with orien-
tations all close to that of the substrate. The contrast difference



Fig. 5. Cross-sectional TEM images of a-Al2O3 exposed to plasma for 2 min: (a) under-focused image of the surface region, (b) NBD patterns of regions 1-4 marked in (a), (c) HRTEM
image of the rectangular region marked in (a).
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between adjacent bands was caused by their slight misorientations.
High resolution TEM (HRTEM) observation revealed that g-Al2O3
having a thickness up to 15 nm was occasionally formed on top of
the a-Al2O3 bands, as seen in Fig. 5(c). Cavities were also formed in
g-Al2O3, but neither interfacial dislocations nor twins were
observed. Based on the inserted fast-Fourier transformation (FFT)
patterns, an orientation relationship between the g-Al2O3 and a-
Al2O3 was determined to be (111)g//(0001)a and [112]g//½1120�a,
consistent with literature [21].

Fig. 6(a) shows the microstructure near the particles in the
2 min exposed sample. Banded a-Al2O3 regions were still observed,
while the surface g-Al2O3 region around the particles was
expanded into a triangular shape, with the depth increasing with
decreasing distance to the particles. The larger the particle size, the
further the particle sank, and the larger the region of g-Al2O3
developed around it. Sinking of large particles generated large local
strains as confirmed by extended deformation of the underlying a-
Al2O3. Particle aggregation was evidenced by regions of different
contrasts and cavities within a large particle. No irradiation-
Fig. 6. Cross-sectional TEM images of W particles in Al2O3 sample exposed to plasma
for 2 min: (a) BF-TEM image, (b) SAED patterns of W particles, (c) HRTEM image of the
particle/Al2O3 interface, (d)e(g) EDS mappings of the rectangular region marked in (a).
induced cavities were formed in the particles. Selected area elec-
tron diffraction (SAED) patterns in Fig. 6(b) confirmed the particles
to be W. Reaction between the W particles and Al2O3 was hardly
observed, as typically seen in Fig. 6(c). Although point EDS spectra
of the 2 min sample did not reveal any peak from Cu, EDS mapping
did show trace amount of Cu distributed only within the W parti-
cles (Fig. 6(d)-(g)).

TEM observation of samples after plasma exposure for 3 and
30 min revealed similar microstructural features. In particular, the
sunken W particles were all reacted with Al, and were the same as
the surface Al-W particles in the 30 min exposed sample in both
composition and crystal structure, as will be presented later.

Fig. 7 shows typical microstructures after plasma exposure for
3 min. Fig. 7(a) and (b) highlight the Al regions developed both at
the grain boundaries and from extrusion and bursting, respectively.
Typical SAED patterns inserted in Fig. 7(b) revealed that each Al
region was a well-developed single crystal, with 〈001〉Al parallel to
the surface normal, coincident with the general growth direction
for a fcc crystal from the melt. Besides the large sunken Al-W
particles, nanoparticles having sizes ranging from ~20 to ~100 nm
were observed within the Al region. Interlinking and expansion of
Al regions could be evidenced by the irregular-shaped Al regions
and remnant Al2O3 colonies within the Al region, as indicated by
white arrows in Fig. 7(a) and (b). The Al regions developed at the
grain boundaries were surrounded by a-Al2O3. The bursting Al re-
gions were always surrounded by largely expanded g-Al2O3 regions
that should have originally developed near the sunken W particles
and grew thicker and wider with increasing exposure time.
Bursting of the Al region caused deformation of the surrounding g-
Al2O3, as evidenced by the enlarged different contrasts in g-Al2O3
and various orientations in the inserted SAED patterns in Fig. 7(c).

While there were no cavities within Al and particles, cavities
were evident in both a- and g-Al2O3. The cavities were distributed
down to a depth of ~1 mm, similar to that in the 2 min exposed
sample. Evident cavity coarsening up to ~90 nm in size was
observed after 3 min plasma exposure, with the largest cavities
located at the depth between ~200 and ~600 nm. Dislocations were
formed and extended beneath the cavities (Fig. 7(a)). Large cavities
with sizes up to 200 nm were observed at Al/Al2O3 and Al-W par-
ticle/Al2O3 interfaces. As shown in Fig. 7(d), similar to the 2 min
exposed sample, surface a-Al2O3 bands with slight misorientations
with the substrate were still formed along [0001]a-Al2O3 direction,
as evidenced by the inserted NBD patterns. Besides, g-Al2O3 layer
was always detected on top of the a-Al2O3 bands, and retained the
same orientation relationship with a-Al2O3 bands as those devel-
oped in 2 min exposed sample (Related SAED patterns were not



Fig. 7. Cross-sectional TEM images of Al2O3 sample exposed to plasma for 3 min: under-focused image of the Al regions developed both at the grain boundaries (a) and from
extrusion (b), (c) deformed g-Al2O3 near Al region in (b), (d) surface g-Al2O3 and banded regions near the surface of a-Al2O3, the inserted NBD patterns correspond to regions 1e4,
respectively. White arrows in (a) and (b) indicate remnant Al2O3 colonies within the Al region. The dotted line in (b) and (d) indicates the Al/Al2O3 and g-Al2O3/a-Al2O3 interfaces,
respectively.
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shown). For the a-Al2O3 surface with no detectable particle sinking
or particle sinking induced expanded g-Al2O3 region, thin g-Al2O3
layer was generally developed. Thickness of such g-Al2O3 layer
gradually increased with plasma exposure time, from ~5 nm at
2 min to ~33 nm at 30 min, as shown in Fig. 8.

The surface nanostructures exemplified in Fig. 4(a) could hardly
be distinguished by TEM, either because they were too thin or
amorphous with no contrast difference from the carbon coating.

It is interesting that most of the observed cavities in both a- and
g-Al2O3 were irregular in shape, and associated with dark features.
These dark features were further determined to be irregularly-
shaped nano particles in Fig. 9(a), as the Moir�e fringes within
them were indicative of their overlapping with Al2O3. All these
nano particles were associated with cavities. EDS analysis of the
Fig. 8. Thickness evolution of g-Al2O3 developed on the surface of a-Al2O3 with
plasma exposure time.
Al2O3 matrix and the nano particles in Fig. 9(b) and (c) found that,
comparing with the Al2O3, the oxygen peak in the nanoparticles
almost disappeared. Fig. 9(d) and (e) show the SAED patterns of a-
and g-Al2O3 containing nano particles, respectively. Weak super-
imposed patterns from Al were distinguished from the a-Al2O3, as
schematically shown in Fig. 9(f). The other diffraction spots origi-
nated from double diffraction as evidenced by sample tilting. In the
diffraction patterns from g-Al2O3, the {444} and {422} spots were
elliptical rather than spherical (as indicated by arrows in Fig. 9(e)),
suggesting a lattice superimposition. Because both g-Al2O3 and Al
are of fcc structure, and the lattice parameter of g-Al2O3 is nearly 2
times that of Al, the superimposed patterns should result from Al,
as schematically indicated by the circled diffraction spots in
Fig. 9(g). Orientation relationships between Al and Al2O3 were
identified as (111)Al//(0001)a-Al2O3, [011]Al// ½1010�a-Al2O3, and
(200)Al//(400)g-Al2O3, [011]Al//[011]g-Al2O3. Combining the EDS and
SAED results, the dark features were identified to be Al nano
particles.

Fig. 10(a) shows HAADF-STEM image of the interface between
the well-developed Al region and Al2O3. The Al-W particles and
nano particles distributed within Al regionwere also included with
bright contrast. EDS mappings in Fig. 10(b)-(e) reveal that the Al-W
particles were also enriched with Cu, and the nanoparticles were
enriched only with Cu. EDS spectra in Fig. 10(f) and (g) identified
the Al-W-Cu and Al-Cu nanoparticles to have compositions close to
Al5(W,Cu) and Al2Cu, respectively.

Cross-sectional surface nanostructures and dendrites in Al re-
gions are shown in Fig. 11(a) and (b), respectively. EDS in Fig. 11(c)
identified the nanostructures to be Al2O3. EDS identified the surface
dendrites to be Al-Cu compounds with a composition close to
Al2Cu, similar to the Al-Cu nanoparticles within Al matrix.

For the Al-Cu dendrites and nanoparticles, NBD patterns in



Fig. 9. (a) Nano precipitates in Al2O3 after plasma exposure for 3min; (b) and (c) EDS spectra of regions 1 and 2 in (a), respectively; (d) and (e) SAED patterns taken from a-Al2O3 and
g-Al2O3 regions containing the precipitates, respectively; (f) and (g) schematic SAED patterns of (d) and (e), respectively.

Fig. 10. HAADF-STEM image (a) and its EDS mappings (b)e(e) of Al/Al2O3 interface after plasma exposure for 3 min, (f) and (g) EDS spectra of regions 1 and 2, respectively.

Q. Yang et al. / Acta Materialia 132 (2017) 479e490 485
Fig. 12(a) and (b) identified them to be tetragonal Al2Cu. While the
Al2Cu nanoparticles were randomly oriented, the surface Al2Cu
dendrites developed an orientation relationship with Al as
(310)Al2Cu//(010)Al and [001]Al2Cu//[001]Al (Fig. 12(c)), consistent
with the relationship developed between Al and Al2Cu in solidified
Al-Cu alloy [22].
Diffraction patterns from the Al5(W,Cu) particles did not match
any known compound composed of Al, W and/or Cu. To determine
the crystal lattice, a series of SAED patterns in several orientations
were collected by large angle tilting, and the results are shown in
Fig. 13. According to the geometric configuration of each pattern
and the angles between any two patterns, a rhombohedral



Fig. 11. TEM image of the surface nanostructures (a) and dendrites (b) developed in the Al region; (c) EDS spectra of region 1.

Fig. 12. NBD patterns of the Al2Cu nanoparticles taken from: (a) [001] and (b) [�113]
directions, respectively; (c) HRTEM of the interface between surface Al2Cu dendrites
and Al.
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structure with lattice parameters a ¼ 0.490(3) nm, c ¼ 2.632(4) nm
was deduced. The reflection conditions were shown in Table 1,
suggesting the candidate space group to be R3c or R3c. To deter-
mine the crystal symmetry, convergent-beam electron diffraction
(CBED) was used. Fig. 14 is a CBED pattern taken from the [0001]
direction. The bright-field disc indicated 3m symmetry, while the
zero-order Laue zone (ZOLZ) discs confirmed 6mm symmetry. The
corresponding point group was then 3m, and the space group of
Al5(W,Cu) was determined to be R3c [23].

Bright field TEM image of the Al5(W,Cu) particles revealed
domain structure with domain size of ~3 nm, as seen in Fig. 15(a).
HAADF-STEM image of Fig. 15(b) revealed that these domains were
caused by the inhomogeneous distribution of heavy atoms. Such
inhomogeneity was caused by a difference in Al/Watomic ratio, the
brighter atomic columns were more W-rich than the darker ones,
as evidenced by EDS spectra in Fig. 15(c) and (d). No arrangement
difference was observed between different domains, and no addi-
tional weak reflections or diffuse intensity features were observed
in the diffraction patterns.

4. Discussion

Under the exposure of high energy density plasma, Al2O3
experienced not only plasma and electrode bombardment, but also
rapid heating and quenching that generated large temperature
gradient from the surface to the bulk. As a result, besides surface
erosion, substantial damage including formation of g-Al2O3 on the
surface, banded a-Al2O3 structures beneath the surface, cavities, Al
precipitates and dislocations were generated down to a depth of
~1 mm. The simultaneous electrode impurities, especially W im-
purities, based on our experimental observations, accelerated the
damage process by impurity sinking. Damage behavior on a-Al2O3
will be discussed from two aspects: plasma damage and impurity
damage.

4.1. Plasma damage

Formation of metastable g-Al2O3 on the surface of a-Al2O3 has
been reported previously [21,24e26]. Three mechanisms have been
proposed for the formation of g-Al2O3: rapid solidification from the
melt [24], annealing of the ion-irradiation induced amorphous
Al2O3 below 1200 �C [27], and martensitic transformation from a-
Al2O3 to g-Al2O3 [25]. The irradiation-induced amorphization
occurred at low temperature with high ion energy so as to create a
high concentration of immobile defects [28]. The martensitic
transformation was accompanied by twinning and interfacial dis-
locations [25]. In this study, the plasma ion energy was low, and
twins or interfacial dislocations were not observed. It is therefore
unlikely that g-Al2O3 was formed by annealing of irradiation-
induced amorphous Al2O3 or by martensitic transformation.
Considering the high energy density of 20 J/cm2 of the pulsed
plasma, the surface g-Al2O3 should be formed by rapid surface
melting and quenching. The underneath a-Al2O3 banded regions
(Figs. 5(a) and 7(d)) should then be the epitaxially related a-Al2O3
intergrowths grown from the plasma induced melt along the c di-
rection. It is then reasonable to expect that due to surface melting,
sinking of W particles was enabled.

It is interesting to note from Fig. 8 that even after plasma
exposure for 30 min, thickness of the surface g-Al2O3 layer caused
by plasma is much smaller than that induced by 20 pulses laser
with pulse duration of 40 ns (~200 nm) [24]. Besides surface
melting and quenching that promoted formation of g-Al2O3, the
high energy density plasma also generated severe surface sput-
tering concurrently. As a combined result, thin g-Al2O3 layer was



Fig. 13. A series of SAED patterns obtained from the Al5(W,Cu) particle by large-angle tilting. The square-framed diffraction spots are resulted from double diffraction. The
experimental angles (without parentheses) and calculated ones (within parentheses) are labeled.

Table 1
Reflection conditions of the Al5(W,Cu) particle.

hkil hki0 hh(�2h)l h�h0l 000l h�h00

�h þ k þ l ¼ 3n or l ¼ 2n �h þ k ¼ 3n l ¼ 3n h þ l ¼ 3n, l ¼ 2n l ¼ 6n h ¼ 3n

Fig. 14. CBED pattern of the Al5(W,Cu) particle taken from [0001] direction.
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developed on the plasma exposed surface. Thickness increase of the
g-Al2O3 layer with plasma exposure time should be caused by the
decreased temperature gradient in a-Al2O3 due to its low thermal
conductivity, which promoted development of larger g-Al2O3 re-
gions upon cooling.

Damage induced by plasma containing ions, electrons and
photons can be caused mainly through knock-on damage and
ionization. According to the Stopping and Range of Ions in Matter
(SRIM) calculation, the maximum implantation depth of 14 keV Arþ

ions into Al2O3 is ~15 nm. Such ion damage should have contributed
mainly to the surface damage rather than to a depth of ~1 mm. For
the energetic electrons, based on the conservation law of mo-
mentum for relativistic electrons, a minimum electron energy of
~175 keV is needed to initiate the knock-on damage on Al2O3 [29].
The electron energy in our plasma was far below the threshold
necessary to achieve knock-on damage.
For the observed damage down to ~1 mm, the most likely cause
was ionization that can induce damage deeper than that via knock-
on process. This could be induced by both electrons and photons.
The penetration depth of electrons inmaterial can be approximated
by: x ¼ 0:1 E1:75o =r, where, x is depth (mm), E0 is electron energy
(keV), and r is density (g/cm3) [30]. Taking the density of a-Al2O3 as
4.0 g/cm3, electron energy of above ~12 keV could cause damage
down to 1 mm. For the z-pinch plasma with 2 kV discharge voltage,
the energy of electrons could be accelerated to tens of keVs [31].
Such high energy electrons were able to cause a damage cross
section of ~1 mm. On the other hand, the photons generated by
plasma were in the extreme ultraviolet lithography (EUV) range
with energy less than 124 eV. The photon penetration depth can be
expressed as: x ¼ 1=mr, where x is depth (cm), m is mass absorption
coefficient (cm2/g), r is density (g/cm3). For Al2O3, m is around
105 cm2/g at energy less than 124 eV [32], the photon penetration
depth is then estimated to be ~25 nm, far less than 1 mm. It is thus
confirmed that the deep damage was caused by electrons.

Based on the observed Al precipitates, electronic excitation-
induced decomposition should be the main operative mechanism.
A core-hole Auger decay mechanism has been proposed to explain
the electronic excitation [33e35]. In this mechanism, the highest
core level of Al (2p) is ionized by the incident electron and creates a
hole. The created hole can be filled only by the inter-atomic Auger
process because Al3þ has no free electrons. The transition of an
electron from the 2p level of O2� to the 2p level of Al3þ can be
accompanied by an Auger yield of one or two electrons from the
valence band. Having lost two or three electrons, the O2� ion be-
comes a neutral O0 or a positive Oþ ion and then desorbs to the
surface or displaces to an interstitial site in the bulk due to Coulomb
repulsion. This displacement caused vacancy-interstitial pairs in



Fig. 15. (a) BF-TEM and (b) HAADF-STEM images of the Al5(W,Cu) particle; (c) and (d) EDS spectra taken from regions 1 and 2 in (b), respectively.
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the O sublattice. Once the Al cations are ionized down to a relatively
deep-filled shell, Auger-induced decomposition occurs. At tem-
peratures where the vacancies and interstitials in the O sublattice
are mobile, aggregation of vacancies and interstitials would form Al
colloids and O2 bubbles, respectively [36]. An electron dose above
1 � 1019 cm�2 is needed for the decomposition of Al2O3 [37].

Under the bombardment of high density electrons (~1020 cm�3)
on a region of ~3 mm diameter, Al2O3 was able to decompose by
electronic excitation at the beginning of plasma exposure. Evolu-
tion of the decomposed products with plasma exposure time
should be caused by the combined influence of temperature and
temperature gradient. At a shorter plasma exposure of 2 min, the
temperature and temperature gradient in the bulk were low. Since
the migration energy of an O interstitial is lower than that of an O
vacancy (0.2e0.8 eV vs 1.8e2 eV) [14], O interstitials preferred to
cluster into O2 bubbles at low temperature, so that fine and uniform
O2 bubbles were formed (Fig. 5(a)). The observed cavities in plasma
exposed samples should then be O2 bubbles. As the exposure time
increased to above 3 min, the increased electron fluence would
increase the density of O defects. In addition, due to low thermal
conductivity, the temperature experienced in Al2O3 should also
increase. Both effects promote migration of not only O interstitials,
but also O vacancies to form Al colloids and their coarsening. To
minimize surface energy, the Al colloids were preferentially asso-
ciatedwith O2 bubbles (Fig. 9(a)). These Al colloids then crystallized
as precipitates upon quenching, and developed orientation re-
lationships with both a- and g-Al2O3 to minimize the total free
energy (Fig. 9). Similar orientation relationships between Al and a-
Al2O3 have been reported in electron irradiated a-Al2O3 [38], while
not yet between Al and g-Al2O3. One should note that the largest Al
precipitates and O2 bubbles were located in themiddle depth of the
damage region, above which their size decreased (Fig. 7(a)). This is
due to the bond loosening by extensive thermal vibration near the
surface, so that O2 desorption to the surface was enhanced. The
thermally cracked grain boundaries, which acted as effective paths
for O2 desorption were then filled with the decomposed Al strips at
increased exposure time (Figs. 3(a) and 7(a)). The underlying dis-
locations should be caused by the local stress generated by particle
and bubble coarsening.

The surface nanostructures (Fig. 4(a)) that were not distin-
guishable by TEM, may be amorphous by the rapid quenching from
the surface melt [18,19], or Al precipitates by O2 desorption [39].
Furthermore, the Al2O3 nanoparticles on the surface of Al regions
(Fig. 4(b)) should be from oxidation of Al with the desorbed O2 from
the bulk.

4.2. Electrode impurity damage

Based on the expanded g-Al2O3 and Al regions adjacent to the
sunken W impurities, the effect of impurities, predominantly W
impurities, on damage acceleration of Al2O3, should behave as a
local heat source.

At the initial stage of plasma exposure, the sunken W particles
decreased the local cooling rate of the Al2O3 melt, causing local
expansion of the g-Al2O3 region (Fig. 6(a)). After plasma exposure
for 3 min where Al colloids formed, the W particles accelerated
local decomposition of Al2O3, causing interlinking and expansion of
the liquid Al region (Fig. 7(a)). Interlinking of Al regions repelled the
O2 bubbles to the Al/Al2O3 interface and promoted bubble aggre-
gation. Because of the lower density of Al than that of Al2O3, so-
lidification of the Al region beneath the surface upon cooling
generated surface extrusion and bursting, causing exposure of Al
region to the surface. Development of the large Al region and Al
strips located mainly at the grain boundaries would break the
preferred orientation relationship with Al2O3. Thus, a preferred
〈001〉 solidification orientation with the surface driven by tem-
perature gradient was developed (Fig. 7 (a) and (b)). Concurrently,
the electrode impurities reacted with liquid Al to form Al5(W,Cu)
and Al2Cu intermetallics.

The sputtering product of Cu existed in two forms: one as par-
ticles that formed Al2Cu dendrites and nanoparticles due to sinking
of Cu into liquid Al followed by rapid quenching; another as
attached toW particles, which was evidenced by the distribution of
Cu within W particles in the 2 min exposed sample and formation
of Al5(W,Cu) particles upon further plasma exposure.

For the new Al5(W,Cu) particles, since the atomic concentration
difference was on Al andW in the domain structure (Fig. 15(b)), and
the concentration of Cu was low, it is probable that Cu was
randomly distributed within the lattice. The Al5(W,Cu) was prob-
ably formed by the Al-W reaction. In the W-Al system, dissolution
of W particles in liquid Al at 750e850 �C for less than 30 min fol-
lowed by rapid quenching result in the formation of hexagonal
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Al5W (P63, a ¼ 0.4902 nm, c ¼ 0.8857 nm) [40]. In this study, re-
action of W with liquid Al followed by rapid quenching resulted in
Al5(W,Cu) with a chemical composition close to that of Al5W, but
with a rhombohedral structure. By comparing the two crystal
structures, we can find that the rhombohedral Al5(W,Cu) has
almost the same a as that of Al5W, but three times the c-axis of
Al5W. Similar crystal structure differences can be found in Al5Mo
polymorphs.

In the Al-Mo system, the Al5Mo has three polymorphs [41]: (i)
the high temperature hexagonal Al5Mo (H, P63, a ¼ 0.4912 nm,
c ¼ 0.8860 nm), formed above 700 �C; (ii) the low temperature
rhombohedral Al5Mo (R, R3c, a ¼ 0.4951 nm and c ¼ 2.623 nm),
formed below 650 �C, which is a stacking variant of Al5Mo(H) with
the c-axis three times that of Al5Mo(h); and (iii) the intermediate
temperature hexagonal Al5Mo (H0, P3, a ¼ 0.4933 nm,
c ¼ 4.398 nm). The hexagonal Al5Mo(H) is isotypic to Al5W, and the
Al5Mo(R) is similar to our rhombohedral Al5(W,Cu) with the same
space group and close lattice parameters. Accordingly, the rhom-
bohedral Al5(W,Cu) observed in our study is probably a polymorph
of Al5W. Formation of the newAl5(W,Cu) phasewith Al- andW-rich
nano domains may be caused by the introduction of Cu or plasma
damage.

In the Al-W-Cu phase diagram, Cu is soluble in Al5W at around
600 �C [42]. Since there is no Al-Cu-W phase diagram below 600 �C,
one could not exclude the possibility that such a rhombohedral
structure is a low temperature polymorph of Al5W caused by the
introduction of Cu. It has been reported that for both metals and
oxides, the ultrafast electronic excitation together with high tem-
perature could increase the electron density and dramatically alter
interatomic forces. This in turn could induce structural trans-
formation, such as nonthermal melting or phase transformation at
very short time [43,44]. Under such conditions, the dynamically
stable phase becomes unstable and transforms to a dynamically
unstable phase. In our study, it is possible that the pulsed electronic
excitation and high electron temperature could cause the forma-
tion of dynamically unstable rhombohedral Al5(W,Cu) with nano
domains, rather than the hexagonal structure. A complete Al-W-Cu
phase diagram and further electron density and free energy cal-
culations are needed to verify these hypotheses.

4.3. Summary of plasma damage on a-Al2O3

Based on the above discussion, one can deduce that besides
plasma-induced surface erosion that can be caused by ions, elec-
trons or even photons, decompositionwithin the bulk of Al2O3 also
occurred by high density electrons. This bulk decomposition was
substantially accelerated by the sunken electrode impurities. Such
structural damage is destructive for ceramics used in a plasma
thruster. Firstly, formation of Al alters the insulating nature and
changes plasma equilibrium. Secondly, the overall sputtering rate
of Al2O3 is severely accelerated by the formation of Al with a high
sputtering rate. Therefore, besides surface erosion, potential elec-
tron damage in the bulk should also be considered for ceramics
used in plasma thruster. To minimize electron damage in the bulk,
three factors should be controlled. First, the electron density needs
be controlled below a threshold dose for decomposition. Second,
the electron energy needs to be low so as to reduce the ionization
cross-section down to the knock-on cross-section caused by ions.
Taking the present plasma condition on Al2O3 for example, the
electron energy should be less than ~0.75 keV so as to reduce the
ionization cross-section down to the ion implantation depth of
~15 nm. Third, the temperature experienced in the bulk needs to
decrease in order to hinder defect aggregation. While the first two
factors are controlled by the design of plasma source, the last factor
can be controlled by eliminating electrode contamination,
especially those having a highmelting point. Further work on direct
detection of plasma-induced defects, comprehensive microstruc-
ture damage on ceramics caused by plasma with different appli-
cation conditions, and material design to increase plasma
resistance are desired for enhancing material durability in plasma
thruster.

5. Conclusions

1) High energy density plasma-induced damage on a-Al2O3 in-
cludes not only surface damage but also damage down to a
depth of ~1 mm.

2) The surface damage includes surface nanostructures, grain
boundary cracking, formation of surface g-Al2O3, and epitaxial
intergrowth of a-Al2O3 beneath the surface. Such damage is
caused mainly by ion-based sputtering, and rapid surface
melting and quenching.

3) The deep damage is characterized mainly by formation of Al
nano precipitates and associated O2 bubbles in both a- and g-
Al2O3. Such damage is proposed to be caused by the high density
electron-induced decomposition of Al2O3 through electronic
excitation. The decomposition is accelerated at increased
exposure time and temperature. Crystallographic orientation
relationships between the Al precipitates and Al2O3 have been
determined as: (111)Al//(0001)a-Al2O3, [011]Al// ½1010�a-Al2O3, and
(200)Al//(400)g-Al2O3, [011]Al//[011]g-Al2O3.

4) The electrode impurities, especially W impurities, act as a local
heat source by particle sinking, causing expansion of g-Al2O3
and Al regions. The expanded Al region developed a 〈001〉Al
direction along the surface normal. Furthermore, the impurities
reacted with Al to form Al2Cu and Al5(W,Cu) particles. The Al2Cu
were formed as surface dendrites and nanoparticles within the
Al matrix. The Al5(W,Cu) contained nano domains and was
determined to be a rhombohedral structure having lattice pa-
rameters of a ¼ 0.490(3) nm, c ¼ 2.632(4) nm and a space group
of R3c.
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