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Abstract: An electron irradiation induced fast phase-separation behavior was observed under convention Trans-

mission electron microscopy (TEM) observation of spark plasma sintered AlF3 doped alumina ceramic. Spherical 

nanocrystalline Al precipitates separated out from original alumina grain surface within several seconds under 

transmission electron microscopy electron irradiation. By high resolution TEM observation combined with diffraction 

patterns analysis, it was found that the original alumina grain surface was in highly defected state. After electron 

irradiation under TEM, the defects on original alumina surface vanished accompanied by the precipitation of 

nanocrystalline Al particles. By thoroughly analysis of the defect reaction during doping process and the feature of 

cation sub-lattice of alumina, a defect assisted interstitial atom segregation mechanism was proposed to explain this 

behavior. According to this mechanism, doped F ions first occupied oxygen vacancy sites with corresponding Al ions 

at intrinsic interstitial sites. After oxygen vacancies being fully occupied, both F and Al ions tended to settle down at 

intrinsic octahedron interstitial sites, which resulted in a metastable doping state. Under the act of 1/3 [11̄00] partial 

dislocation of alumina matrix, distorted cation sub-lattice generated double aggregated vacant octahedron sites. When 

these doublets vacant octahedron sites were occupied by foreign Al ions, stacking faults composed of about three 

sequences were generated as that observed in high resolution TEM. Meanwhile, the segregated doping Al ions at 

double aggregated octahedron sites along the stacking faults worked as early stage precipitations. Under electron 

irradiation, with the ablation of F ions, the unstable segregated Al ions separated out as nano precipitation with the 

reconstruction of alumina lattice. 
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Materials with good irradiation damage tolerance are 
necessary for modern unclear equipment as core com-
ponents while those with good irradiation sensitivity can 
be applied as sensors and detectors for irradiation envi-
ronment. The study of irradiation effect under various 
conditions is a prerequisite to screen suitable candidates 
for both applications. As for the electron irradiation, 
besides the typical linac irradiation devices, TEM is an 
alternatively simple and effective method in studying 
electron irradiation effect, especially for in-situ study[1-15]. 

Alumina is one of the most extensively used structural 
ceramics and its electron irradiation effects have been 
well studied. Under conventional TEM observation 

(accelerate voltage no more than 300 kV, room tem-
perature, and ordinary vacuum of ~10–5 Pa) a relative sta-
ble nature of alumina was found and only lattice defects 
like surface faceting[2], stacking fault[3-4] or localized 
structure degradation[5] were created. When the irradia-
tion condition became critical, decomposition of Al2O3 
and Al precipitation could be found. Conditions reported 
for Al precipitating from alumina matrix under TEM 
observation were relative extreme like high accelerate 
voltage (above 400 kV)[6-7], high temperature (above 
700 K)[6-9], ultra-high dose rate[10-11] or ultra-high vacuum[2]. 
Bonevich, et al[2] reported that metallic Al formed on the 
surface after 1 h irradiation under ultra-high vacuum 
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(10–8 Pa) while only surface faceting took place under 
conventional TEM exposure (vacuum of 10–5 Pa). Bou-
chet, et al[10] confirmed the reduction of alumina under 
extremely high dose rate through analyzing the energy 
loss near edge structure from the EELS results (Electron 
Energy Loss Spectroscopy, EELS), however, no metallic 
Al crystals could be directly observed. Until now, the 
easiest condition for Al fast precipitating from pure 
alumina under TEM observation was reported by Chen, 
et al[8-9] at temperature above the melting point of Al. 

Recently, we reported that transparent alumina cera-
mic could be easily sintered by SPS with AlF3 doping[12]. 
The present study is to reveal the microstructure cha-
racter of the AlF3 doped Al2O3 by conventional TEM. 
Interestingly, a novel electron irradiation induced fast 
phase-separation behavior was observed. Aluminum 
nano-crystals separated out quickly from original highly 
defected Al2O3 grains, and the grain resulted in well 
crystallized state after conventional HRTEM observation. 

1  Experimental 

The 0.1wt% AlF3 doped alumina ceramic was sintered 
by SPS with parameters same to our previous report[12]. 
To obtain a separated grain for TEM observation, cera-
mic fragments were firstly scratched from the surface of 
sintered body with a diamond pen. Then the scratched 
fragments were treated by ultrasonic in ethanol to break 
the connected boundaries. Finally, the obtained grain sus-
pension was dropt on copper grid for TEM observation. 
The observation was conducted with two transmission 
electron microscopes (TEM, JEM2100 and JEM2000F, 
JEOL, Japan). 

2  Results and discussion 

Fig. 1(a) is a clean grain surface stripped from 
surrounding grains by ultrasonic break. The surface was 
stable under low magnification observation and no 
attached second phase was observed. However, once the 
magnification exceeded 200 k magnification, the surface 
became unstable. Moveable and growing precipitates 
were emitted from the surface under electron irradiation 
after several to dozens of seconds. The precipitates were 
sphere-like separated out at the beginning and generally 
transformed to faceted shape when lowering magnifica-
tion or moving observation area. The diameter of these 
precipitates ranged from 5 to 50 nm. The typical feature 
of these precipitations displayed in Fig. 1(b). Arrows in 
Fig. 1(c-d) exhibited the growing of a precipitate 
accompanied with the decrease of another. The whole  
process finished within less than 5 s. Moreover, as a 

general case, when two growing precipitates contacted 
with each other, instantaneously they coalesced into a 
whole. The drop-like moving and coalescing behavior 
indicates a doubtable liquid-like nature of these preci-
pitates. After the spherical-to-faceted transition, lattice 
fringes were easy to be seen. The 0.235 nm fringe space 
of the precipitation corresponds to the 0.234 nm-spacing 
(111) plane of metallic Al (Fig. 1(e)). The precipitates 
from original alumina matrix were further confirmed to 
be metallic Al by EELS study of the Al-L23 edges of the 
precipitation layers. In Fig. 2, Each feature peaks are 
identical with the reference spectrum of Al metal. 

Though it was reported that α-alumina is relatively 
stable under conventional TEM electron irradiation, the 
decomposition to Al under electron irradiation is a fea-
ture of AlF3 as described in previous studies[13-15]. In  

 

 
 

Fig. 1  TEM observations of a grain surface of 0.1wt% AlF3 
doped sample 
(a) Original surface before high magnification observation; (b) Surface 
after high magnification observation, where sphere precipitates separated 
out; (c-d) Black arrow shows the growing of a new precipitate under 
irradiation; (e) Lattice fringes of a precipitated crystal 

 

 
 

Fig. 2  EELS of the precipitation and its reference 
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Ghatak, et al’s experiment, AlF3 was not stable under 
electron exposure and separated into localized 50 nm 
spherical Al crystals with fast fluorine ablation[15]. The 
resulted Al crystals are quite similar to the present 
observed precipitates, thus it is reasonable to conclude 
that the Al separation under electron irradiation is not the 
intrinsic property of alumina matrix but an extrinsic 
feature come from AlF3 doping. First, the conventional 
TEM observation only results in lattice defeats in 
alumina[2-5]. Bonevich, et al[2] reported that the original 
smooth surface became highly faceted under conven-
tional 100 or 300 kV TEM electron irradiation with 
prolonged observation time. Tomokiyo, et al[3] found that 
planar defects and holes with preferred orientation could 
be produced near the surfaces under 200 kV TEM obse-
rvation. Recently, Chen, et al[5] found that under HRTEM 
observation (vacuum lower than 10–6 Pa), phase trans-
formation of thermal stable α-alumina to metastable κ’ 
phase occurred under 100 kV electron irradiation. Unfor-
tunately, no Al precipitation was observed in all these 
studies. Moreover, different from the electron-irradiation- 
induced lattice defects in alumina[2-3], the present preci-
pitation of Al crystalline resulted in a defect-free state 
from the original one carried stacking faults, as will be 
discussed in the following paragraphs. Second, the 
typical precipitation of Al under critical TEM condition 
accompanies with holing alumina matrix due to mass 
transportation[3-4,7-9,11], while it is not the present case 
since no apparent holing is observed and the surface 
becomes stable again once after precipitation of Al 
crystals.  

It will be easy to understand this behavior if the AlF3 
was preferentially segregated at the surface. To further 
understand the phase-separation behavior and make clear 
the character inside a grain, another HRTEM and selected 
area diffraction were conducted with JEM-2100F. However, 
the results shown in Fig. 3(a-d) don’t seem to favor this 
assumption. Fig. 3(a) shows an original grain before 
irradiation induced Al precipitation. The white arrows 
point to the dark liner contrasts which suggesting the 
existence of planer defects. Diffraction pattern of the 
original grain is shown in Fig. 3(c), where the bright 
streaks identical with the liner contrasts in Fig. 3(a) 
confirm the existence of planer defects through the whole 
grain. It is interesting to note that, once after the Al 
precipitation by electron irradiation (Fig. 3(b)), the 
streaks in diffraction pattern of the same grain disap-
peared (Fig. 3(c)), indicating the precipitation of Al 
involved the reconstruction of lattice and finally resulted 
in a defect free state. Fig. 3(e) is the magnification of 
area i in Fig. 3(a), where the white dotted box traces a 
burgers circuit of an edge dislocation and the white arrow  

 
 

Fig. 3  HRTEM images and selected area diffraction of AlF3 
doped alumina grain 
(a) HRTEM images of AlF3 doped alumina grain before Al 
precipitation. White arrows points to the planer defects; (b) The same 
grain after Al precipitation; (c, d) Diffraction patterns correspond to the 
grain before and after Al precipitation, respectively. The zone axis is 
along [0001] direction; (e) Magnification of area i in (a). The dotted 
box traces a dislocation core and the parallel lines show the distortion 
contrast composed of three or four layers; (f) Inversed FFT of the area 

ii in (a) from (21̄1̄0)/(2̄110) diffraction spots 

 

points the Burgers vector. An extra half atom plane can 
be clearly seen in the center of the box. Fig. 3(f) is the 

inversed FFT of area (ii) in Fig. 3(a) from (21̄1̄0)/(2̄110) 
diffraction spots, where many extra half-planes with dis-
location mark can be seen, indicating the highly defected 
nature.  

Two kinds of defects reactions often involve in the 
doping process, namely substitution-vacancy and inters-
titial processes. The reaction equation can be written as 
below in the present case: 

 2 3Al O
3 Al O AlAlF Al 3F V     (1) 

 2 3Al O
3 F AlAlF 3l l    (2) 

Since the Al precipitated without holing the obvious 
matrix, it is hard to image the vacancy type reaction (1) 
dominates since the precipitated Al would be otherwise 
easier to settle down at Al vacancies. On the other hand,  
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oxide ceramics sintered by SPS often accompanies oxygen 
vacancies due to the graphite surroundings and chamber 
vacuum[16-17]. Wang, et al[16] reported that excellent green 
emission caused by oxygen vacancies was observed in 
SP-sintered ZnO ceramic due to the vacuum ambience. 
The oxygen vacancies raised during SP-sintering process 
also resulted in degraded transparency in Y2O3 as repo-
rted by Jiang, et al[17]. Thus, it is reasonable to speculate 
that the doped F– ions first occupy oxygen vacancy sites 
with corresponding Al3+ at intrinsic interstitial sites. 
After oxygen vacancies being fully occupied, both F– and 
Al3+ tend to settle down at intrinsic interstitial sites as 
reaction (2). In this case, the settlement of extrinsic doping 
ions at oxygen vacancies or vacant interstitial sites will 
block the diffusion path of intrinsic Al3+ and O2– ions and 
inhibit the sintering process, which is quite identical to 
what we found recently by microstructure evolution 

analysis——AlF3 doping working as diffusion inhibitor 

during the sintering process. However, it is generally 
unstable for extra F– anions to settle down at octahedron 
vacancy sites due to the surrounding electrostatic repu-
lsion. This means that the system may be in metastable 
state, which is perhaps the root cause of the phase- 
separation behavior. Moreover, the doping of F– was 
supposed to react with carbon contamination and emitted 
as gas products (CF)x in previous researches[18-19]. If this 
reaction exists within the sample, the solid dissolved F– 
and Al3+ ions may be non-stoichiometric with surplus 
Al3+ ions in alumina matrix. 

Considering that the bright streaks in diffraction pat-
tern (Fig. 3(c)) and the corresponding liner contrasts in 
HRTEM (Fig. 3(a)) are quite similar to the feature of GP 
zones[20], the liner contrasts may be the segregations of Al 
atoms or ions in the form of early stage Al precipitates[3-4].  

Fig. 4(a) shows an ideal cation lattice diagram of alumina 
as suggested by Tomokiyo, et al[3]. Each circle represents 
an oxygen octahedron site. The oxygen sub-lattice is 
omitted to give a clearer illustration of the vacancies. The 
fluctuation of Al ions along C axis is also ignored. One 
third of the octahedron site remains unoccupied as shown 

by the open circles. The half-filled circles in (2̄110) plane 
illustrate the preferential occupation of foreign Al ions, 
which results in the segregation of Al ions and the 
corresponding mono-layer planer defects. More 
specifically, when combining the atomic character 
revealed in Fig. 3(e) and the real lattice structure, a 
clearer dislocation assisted mechanism can be proposed. 

In α-alumina, the {12̄10}<101̄0> prism plane slip is the 
secondary slip system beside the primary basal slip 

system and the <101̄0> prism plane dislocations are easy 

to dissociate to three 1/3 <101̄0> partial dislocations[21-22]. 
Fig. 4(b) is the real alumina structure under the 

projection of [112̄0] direction. The red dotted line 
includes two oxygen layers and a fluctuated Al layer 
inside the oxygen octahedrons. This selected Al layer is 
repainted under [0001] projection in Fig. 4(c). The open 
circles inside each Al hexagon represent unoccupied 
octahedron sites. Triangles at the right side indicate the 
normal stacking sequence A-B-A-B between two Al 

layers along [112̄0] direction. The red arrow at the left 

side represents a Burgers vector of 1/3 [11̄00] and dotted 
line in the center shows the slip or distorting plane. 

Whether after the passage of a movable 1/3 [11̄00] partial 
dislocation or distorted by the existence of a Frank 
partial dislocation with the same Burgers vector, the 
deformed atomic structure is shown in Fig. 4(d). The act 

of a 1/3 [11̄00] partial dislocation finally results in a  
 

 
 

Fig. 4  (a) Schematic diagram of cation sub-lattice in α-alumina. The open and closed circles are the unoccupied and occupied 
octahedron sites respectively. Half-filled circles represent octahedron sites occupied by extrinsic Al3+ ions; (b) Real alumina  

structure in [112̄0] projection. The red box selects an Al layer between two oxygen layers; (c, d) Structures of the selected  

Al ions layer repainted in [0001] projection, before and after the act of a 1/3 [11̄00] partial dislocation, respectively.  
The open circles indicate unoccupied octahedron sites in the same layer 
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stacking fault between the slip plane, and the distorted 
cation sub-lattice generates a double aggregated vacancy 
site (Fig. 4(d)). When these doublets vacancies are fully 
occupied by foreign Al ions, a stacking fault composed 
of three sequences is generated. This supposed condition 
is confirmed by the HRTEM in Fig. 3(e), where a 
distorted contrast composed of three to four layers beside 

a 1/3 [11̄00] partial dislocation can be found. As a result, 
the present defected grain nature can be regarded as 
planer defects assisted dissolving of AlF3 into alumina 
lattice, and in turn, interstitial Al3+ ions preferentially 
segregated at cation vacancies along the stacking faults 
as early stage precipitations. These segregations are 
unstable under electron irradiation especially after F– 
ablation, and finally separate out as precipitation with the 
reconstruction of cation lattice. 

It is also interesting to note that, LiF has a similar but 
more sensitive behavior under electron exposure like 
AlF3

[15]. However, there is no such report so far (to our 
best knowledge) on the decomposition of LiF doped 
ceramics (especially for transparent spinels and garnets) 
under TEM observation even it is quite common for a 
doping concentration higher than 1%[18-19,23]. This may be 
due to the intrinsic differences of the defects structure or 
doping mechanism. Further characterization of LiF 
doped alumina or AlF3 doped spinel may be helpful to 
understand the role of fluoride sintering additives. 

3  Conclusions 

Until now, we found a novel fast electron-irradiation- 
induced phase-separation behavior in AlF3 doped alumina 
ceramic, which is never reported before. The original 
grain of the spark plasma sintered sample carried many 
planer defects with HRTEM observation, Al nano-crystal 
separated out with these planer defects disappearing. A 
defects assisted interstitial segregation mechanism was 
proposed to explain this behavior. 
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AlF3 掺杂氧化铝陶瓷的高灵敏辐照诱导相分离行为 

申 璐 1, 汪德文 2, 黄 荣 3, 都时禹 1, 黄 庆 1 
(1. 中国科学院 宁波材料技术与工程研究所, 宁波 315201; 2. 中国科学院 上海硅酸盐研究所, 上海 200050; 3. 华东

师范大学 电子科学系, 极化材料与器件教育部重点实验室, 上海 200062) 

摘 要: 放电等离子体烧结的AlF3掺杂氧化铝陶瓷在透射电镜(TEM)常规观察条件下发现了一种电子辐照诱导快速相

分离行为。在透射电镜的电子辐照下, 球形纳米晶 Al 颗粒在几秒钟内从原始氧化铝晶粒表面析出。高分辨 TEM 观察

结合衍射花样分析发现原始的F掺杂氧化铝晶粒表面为高度缺陷态, 电子辐照后, 随着Al纳米颗粒析出, 氧化铝晶粒

表面的缺陷消失。通过对掺杂过程缺陷反应及氧化铝阳离子亚晶格的深入分析, 提出了一种缺陷辅助间隙原子偏析机

理来解释这一现象。即掺杂 F 离子首先占据氧空位的同时 Al 离子占据间隙位, 当氧空位被全部占据时, F 和 Al 离子

同时占据基体八面体间隙位, 并形成了亚稳定的掺杂态。在氧化铝基体 1/3 [11̄00]不全位错的作用下, 畸变的阳离子

亚晶格产生双聚八面体间隙位。当这些双聚八面体空位被外来 Al 离子占据时, 正如高分辨图像所观察的, 形成了包

含有三个原子层左右的堆垛层错。同时, 沿着层错偏聚在双聚八面体位的掺杂 Al 离子扮演了析出物早期的角色, 在

电子辐照下随着 F 离子的烧蚀, 不稳定的偏聚 Al 离子析出成为纳米颗粒并伴随着基体氧化铝的晶格重构。 

关  键  词: AlF3; Al2O3; TEM; 电子辐照; 相分离 
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