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An as—quenched Cu—11.2%(wt)%Al—-2.9(wt)%Ni alloy specimen, which consists of
ordered N9R and 2H structure martensites, was examined by a 400 kV TEM. Large
numbers of dispersive precipitates in the specimen are induced by the electron beam
irradiation. These fine particles are identified as Al,Ni; phase by electron diffraction.
The stereoscopic measurement of the dark field TEM images combined with HREM
study showed that this irradiation induced precipitation is not only a surface reaction.
Al,Ni; particles precipitate preferentially at crystalline defects and interfaces of the
martensitic matrix. When duration of the electron beam irradiation lengthens, growth
and coarsening of the precipitates are also observed.
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1 Introduction

As already known, during a transmission electron microscope examination, the incident
electrons interact strongly with both atomic nuclei and atomic electrons of the solid specimen.
This interaction can lead to permanent atom displacement and the attendant vacancy. In oth-
er words, Frenkel defects are created in the specimen by the beam irradiation. In presence of a
high concentration of Frenkel pairs (for example the concentration ~ 10™*) the interaction be-
tween defects will induce grosser atomic rearrangements. Such structural change in irradiated
specimens includes faults, dislocation loops, disordering, ordering, decomposition, precipita-
tion and compositionally—drived phase transformations ¢!’ . Examples of the precipitation
induced by clectromr beam irradiation in metallic alloys under TEM observations have been
reported such as precipitation in Pt—C, Fe—Cu, Al-Si, Al-Ge, Fe-Ni, erc. * . |

On the other hand, efforts have been devoted to study the mechanism of phase transfor-
mations by electron microscopes. In order to clarify the mechanisms of the transformation
processes, various induced phenomena by high energy electron beam have to be considered.
For example, transport properties in an irradiated specimen area are altered because Frenkel
pairs concentration changing. Moreover, the energy stored in atomic displacements and the
entropy considerations can appreciably alter the thermodynamics of the phase equilibrium.
Thus, the effects of beam irradiation on the primary phase transformation have to be investi-
gated in detail. The experimental results from TEM observations have to be carfully judged
whether these results really represent the processes in a bulk specimen. In the present work, a
near eutectoid copper—aluminum system with small amount of Ni addition was prepared,
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heat—treated and investigated mainly by electron microscopy. Some preliminary results about
the effect of 400 keV electron beam irradiation on the precipitation of Al,Ni, phase in a
Cu-11.2A1-2.9Ni (wt)% alloy will be presented and discussed.

2 Experiment

The experimental alloy sample was prepared in laboratory by melting pure copper and
aluminum (99.9%) in argon atmosphere. Chemical analysis showed that composition of the
alloy samples is Cu—11.2(wt)%A1-2.9(wt)%Ni. After homogenization at 1173 K. the ingots
with diameter 20 mm were peeled off their skin by machinery, then cut into small pieces about
6 mm in diameter and 0.5 mm thick. The samples were reheated up to 1173 K for 1 h in argon
atmosphere followed by quenching into iced brine. Afterwards, these discs were thinned by
manually grinding before the final procedure of the specimen preparation by argon ion beam
milling at 4.5 kV and current 0.8 mA. TEM observations were carried out on a JEOL JEM
4000EX microscope operated at 400 kV with electron flux about 6 x 10" electrons / (cm? * s).

3 Results and Discussion

3.1 The martensite structure in the sample

TEM examinations combined with electron diffraction study showed that the fresh spec-
imen of this alloy, which was quenched from 1173 K and thinned by argon ion beams (at 4.5
kV and 0.8 mA current for typical period of 12 h), consists of two kinds of martensitic struc-
tures. One of the martensites possesses M2H structure, it consists of many microtwins. The
other martensite is consistent with a ordered N9R structure and contains large number of
stacking faults. X—ray diffraction results from a bulk specimen also confirmed that there exist
the ordered N9R and 2H martensite structures in the quenched specimens. The detailed des-
cription of these martensite structures in the alloy is presented elsewhere 03 Itis already
known from the previous work that the 2H martensite in this alloy is characterized by three
microtwin variants with twinning planes {121}, {210} and {101}. Fig.la shows a TEM
micrograph of the 2H type martensite. The corresponding electron diffraction pattern shown
in Fig.1c was taken from a fresh specimen arca, which shows only diffraction spots of the
martensite along zone axis [124] superposed on its twin spots pattern. A dark field TEM im-
age of the 2H martensite formed by its reflections 422 (index of the reflections is in Fig.1¢) is
shown in Fig.lb. TEM bright field image of a martensite plate with N9R structure and its
electron diffraction pattern [110] are shown in Fig.2a and 2b respectively. The fringe contrast
in Fig.2a and the diffuse string and extra weak spots between every two main diffraction spots
of the 9R structure in Fig.2b are resulted from the stacking faults in the martensite plate. It is
obvious that each diffraction pattern of both martensites are resulted from a single crystal of
either martensite. There are few or no small precipitates in the specimen except martensites.

3.2 Effct ofelectron irradiation on precipitation

In general, irradiation of solids by high energy electrons can result in a number of pro-
cesses including the replacement and displacement of atoms. There is a consequent increase in
the concentration of vacancies and interstitials. These excess point defects induced by the elec-
tron beam could enhance atomic diffusion in the specimen. Therefore, precipitation or de-
composition during the irradiation may occur.
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Fig.1 (a) TEM micrograph ol the M2H martensite in as-quenched sample. {(b) Dark field image formed
by the reflections within the circle A in Fig.le. (¢} Electron diffraction pattern (124)° 1aken from a
fresh specimen area of the marlensite and its twins.

Fig.2 (a) TEM bright field image of a 9R mariensilic plate in the specimen.  (b) Electron diffraction pat-
tern [110] of the 9R martensite.
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In order to ecxamine the effects of electron beam irradiation on structure of the
as—quenched Cu-Al-Ni specimen. a selected specimen arca was set in the TEM under an in-
cident beam with 400 keV energy and Mux about 6 X 10" electrons 7 (cm” = 5) centinuously
for hours. When the specimen area is ircadiated for certain period, large number of small par-
ticles form in the irradiated arca. This is clearly indicated by electron dilfraction patierns.
When the specimen area is irradiated lor 30 min by the clectron beam, a weak diffraction ring
appears, which superposed on the spot diffraction pattern. After more than onc hour
irradiation several diffraction rings can be seen. The diffraction patterns taken from an area
irradiated for 80 min and for 5.5 h are shown in Fig.3a and Fig.3b respectively. Large number
of small particles distributed in the martensitic matrix are clearly observed in dark field TEM
images such as shown in Fig.4. This image was formed by diffraction beams within a circle

Fig.3 (a} Diffraction pattern taken from the same arca as the pattern in Fig.lb but srradiated by electron
beam for 80 min.  (b) Dilfraction pattern from the specimen area irradiated for 5.5 h.

Fig.d ‘a) TEM dark feild (DF) imuge of a specimen area irradiated by 400 keV electron beam for 0.5 h.
(b) DF image of the same arca as in Fig.4a but irradiated Tor 5.5 h formed by diffraction beamxs within
the ciccle OA shown in Fig.3b.
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OA shown in Fig.3b. The crystalline interplanar spacings determined from the ring diffraction
patterns such as Fig.3b are listed in Table | with those values of Al;Ni; phase from

Table 1 Interplanar spacings of the precipitated phase mecasured by clectron diffraction, d,.,. and of

ALNiy phase.d,, | .
No. 1 2 3 4 5 6 1 g 9 10
4y, DM 0.324 0255 0.204 0.182 0.172 0.160 0.135 0129 0.120 AQ.111

d.utu.,-“m 0.324 0267 0206 0.189 0.163 40.162 0.139 0.133 0.123 0.119

Fig.5 (a) HREM image showing precipitates marked with A and B, which are overlapped on 2H martensite.
(b) A Fourier transform pattern of the precipitate A in Fig.5a.  (c) Reconstructed image of the pre-
cipitatc A in Fig.5a.
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reference [ 4] . which is a letragonal structure with lattice paramelers a=hb=0.267 nm.
¢=0.324 nm and ¢/ a=1.2159. It is obvious by comparison of these d—spacings that the pre-
cipitates are consistent with Al,Ni; phasc within reasonable error. These small particles are
difficults to visualize on a TEM brigh field image because they are too small to create suffi-
cient contrast in the image. But in a dark field image these fine particles can be recognized by
their moire fringes owing to overlapping on the martensite matrix. They are quadrangular or
sphere in shape. Their size is ranged from several nanometers 1o about 20 nm for a specimen
area irradiated for 30 min by cstimating of 15 particles on TEM picture. HREM image in
Fig.5a shows precipitates with mark A and B overlapped on the 2H martensitic matrix. Fou-
rier transform pattern of the particle A and reconstructed image are given in Fig.5b and 5¢
respectively. These particles are smaller than 10 nm in dimension and have coherent interface
with the martensitic matrix. HREM image of Fig.6a shows two particles marked with A and
B formed in the 9R martensitic matrix. The F.T.pattern and reconstructed image are given in
Fig.6b and 6c¢ respectively.

Fig.6 (2) Precipitates marked with A and B in a 9R martensitic matrix. (b} F.T.pattern of the particle B in
Fig.6a. (c) Reconstructed image of the particle B by F.T.panern in Fig.6b.

3.3 Nucleation growth and codursening o fthe ALNi; phase

In order to examine whether these Al;Niy precipitates only nucleate on the specimen sur-
faces or also in the interior of the specimen. stereoscopic observation technique was per-
formed **’ . Dark field TEM images (DFI) were used for the stereoscopic measurement be-
cause these small precipitates can be much clearly visualized in the dark field image. The
stereopair of DFI micrographs were taken from the same specimen area but tilted 10 degree
around the X' axes from one to the other. These stereopair pictures are shown in Fig.7a and
Fig.7b respectively. Thirty three particles in Fig.7 were measured by using a stereometer. The
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results showed that the Al,Ni; precipitates distribute at different depths of the specimen. It is
not only a surface reaction. Actually, the martensitic matrix provided large number of prefer-
ential sites for nucleation of the precipitates such as microtwin boundaries, martensitic inter-
faces, crystalline defects, erc.. An HREM image in Fig.8 shows that Al,Ni, particles formed
preferentially at onc of those boundarics, though these microtwin boundaries themselves are
unstable under the electron beam bombarding.

Fig.7 Sterco parir of dark field TEM images. The bright spols are Al,Ni, particles in martensite
matrix.
() titaxis X=0",¥=0". (b)X= 10°,¥=0°,

In an attempt to understand the kinetic process of the precipitation, a systematic study in
the present work was carried out. It showed that when a specimen area is irradiated by elec-
tron beam for about 0.5 h only ene diffraction ring could be recognized in the diffraction pat-
tern. After one hour irradiation several diffraction rings due to AL Ni, precipitates have ap-
peared. While the duration of electron irradiation lengthens, the intensity of the diffraction
rings increases. This is resulted mainly from the growth and further nucleation of the precipi-
tates. Furthermore, coarsening of the precipitates during the irradiation is also observed. As
alrcady discussed in above context. Fig.4a shows a dark field image of the specimen area
irradiated for 0.5 h, whereas an image of exactly the same area but irradiated for 5.5 h is
shown in Fig.4b. Some small particles pointed by number 1,23, erc. are clearly shown in
Fig.4a. The same locations are pointed by the same numbers in Fig.4b. it can be seen by com-
parison of the two pictures that many precipitates already grown and some of them are con-
nected to each other in the specimen area irradiated for 5.5 h. At the same time some of the
small particles disappeared such as No.l particle in Fig.4a, it is not showing in Fig.4b. Thus.
the precipitation of Al;Ni; phase induced by electron beam irradiation may also follow the
three stages of a normal precipitation process: nucleation, growth and coarsening.
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Fig.8 Precipitales formed preferentially at twin boundaries of the martensite

4 Summary

[rradiation by high energy clectron beam may induce various structural changes in metal
and alloy specimens during TEM examinations. When an as—quenched Cu-11.2(wt)%Al
-2.9(wt)%Ni alloy specimen. which possesses N9R and 2H martensitic structures, is irradiat-
ed by 400 keV electron beam ALNI; precipitation takes place. Stereoscopy study of the TEM
dark field micrographs showed that this precipitation 1s not only a surface reaction. Fine
dispersive Al;Ni, particles precipitate preferentially at crystaltine defects and interfaces of the
martensites such as microtwin boundaries. stacking faults e/c.. though the interfaces of the
martensites are not stable under the beam irradiation. While duration of the electron beam
irradiation lengthens, growth and coarsening of the AILNi, precipitales is also observed in the
specimen, The present study on the process of this precipitation confirmed that equilibrium
phase diagrams can no longer be expected to apply under irradiation conditions 51 Effects
of high energy beam iwrradiation on the primary phase transformations in alloys have to be
carefully considered in order to understand their real mechanisms.
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