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MICROSTRUCTURES OF Ti-Al INTERMETALLIC COMPOUNDS IRRADIATED AT
673 K IN HFIR -Y. Miwa, T. Sawai (Japan Atomic Energy Research Institute), D. T. Hoelzer (Oak
Ridge National Laboratory) and A. Hishinuma (JAERI)

OBJECTIVE

The objective of this work is to present recent TEM data of Ti-Al intermetallic compounds neutron
irradiated at 673 K in High Flux Isotope Reactor.

SUMMARY

Fourkinds of Ti-Al intemmetallic compounds were imadiated at 673 K to the fluence of 5.16x10%
n/m? (E>1MeV) in HFIR. One consists of a,-Ti;Al single phase, and the others consist of o,-TizAl
and y-TiAl duplex phases. After irradiation, transmission electron microscopy was carried out. In
both o,Ti;Al and y-TiAl phases of the specimens, loop-shaped and dot-like ‘clusters were
observed. However the nucleation behavior of cavities in o,-Ti;Al and y-TiAl phases has been
influenced by chemical compositions and fabrication processes.

PROGRESS AND STATUS
Introduction

Ti-Al intermetallic compounds offer advantages of large strength-to-weight ratio and high strength
and good oxidation resistance at elevated temperature. In Ti-Al intemetallic compounds, o, Ti;Al
with the hexagonal ordered D0, structure and y-TiAl with the tetragonal ordered L1, structure are
promising candidates for nuclear apprication. Both Ti and Al are elements with low neutron-
induced radioactivity and small cross sections of neutron absorption, compared with conventional
austenitic stainless steels. In spite of the generation of a long-lived y-emitter Al from
ZAl(n,2n)®Al reaction by 14 MeV neutron, the fast decay of radioactivity of Al to safe maintenance
level within 2 weeks after reactor shutdown is attractive [1]. Therefore Ti-Al intermetallic
compounds are attractive candidates for application in future fusion nuclear systems, as wellas in
fission nuclear systems.

Several papers have been published on the effect of electron irradiation [2], He* irradiation [3, 4, 5,
6] and neutron imadiation [7, 8] on Ti-Al intermetallic compounds. The ordered intermetallic

compounds showed asuperior resistance to void swelling under electron irradiation at 873 K [2],

and ductilization after neutron irradiation at 873 K to 1x10% n/m2 (E>1MeV){7]. On the otherhand,

they showed a poorresistance of He bubble nucleation in y-TiAl after He* irradiation to 2.9 dpa at

roomtemperature [6] and asignificant ductility loss with neutron irradiation to the fluence level of

1.6x10% n/m? at 376-873 K [8]. Little is known on the effects of irradiation, especially neutron-

irradiation, on Ti-Al intermetallic compounds.

In this report, the microstructural obsetrvation of 4 kinds of Ti-Alintermetallic compounds iradiated
at 673 K to the fast neutron fiuence of 5.16x10%® n/m? (E>1MeV) are presented.
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Experimental procedure

The materials used were 4 kinds of Ti-Al intermetallic compounds, and were produced by powder
metallurgical processing. The powders for3 kinds (K1, K2, K3) of intermetallic compounds were
prepared by the mechanical alloying, and another powder for K4 was prepared by the plasma
rotating electrode process (PREP). The nominal chemical compositions and notations are listed in
Table 1. The conditions of powdermetallurgical processes are also listed in Table 1. The nominal
microstructures were an o.-Ti;Al single phase forK1, an a5 TiAl + y-TiAl duplex phase forK2,a y-
TiAlsingle phase for K3, and an o,-Ti;Al +v-TiAl duplex phase forK4, respectively. Hereafter, o,
and y denote o-Ti;Al and y-TiAl, respectively.

The powders used forK1, K2 and K3 had an average particle diameter of about 30 pm. The main
impurities in those powders were Fe (50 ppm), C (70 ppm), H (120 ppm) and O (3200 ppm) in Ti,
and Fe (1600 ppm) and Si (600 ppm) in Al, respectively. These powders were mixed in order to
obtain the nominal compositions listed in Table 1. These mixed powders were then mechanically
alloyed in an Ar gas atmosphere for 720 ks using a stainless ball mill. The mechanically alloyed
powders were isostatically hot pressed in apure titanium capsule in vacuum under176.8 MPa at
1373 Kfor 10.8 ks to obtain high density compacts. In order to obtain higher strength and ductility,
these compacts were annealed in vacuum at 1473 K for 36 ks.

The powder used for K4 was prepared from cast mother alloys by PREP, and had an average
particle diameter of about 250 pm. A cylindrical compact, about 60 mm in diameter and about 100
mm in height, was made by hot isostatic pressing (HIP) under176.8 MPaat 1323 Kfor10.8ksin a
pure titanium capsule. This was followed by isothermal hot forging up to a reduction of 78% in
height with a strain rate of 3.8x10*s™ at 1223 K in vacuum.

TEM disks, 3 mm in diameterand 0.25 mm in thickness, were prepared by wire cutting. These
TEM disks were iradiated at about 673 K in a HFIR target position in the capsule of HFIR-MFE-
JP20/position 9. The resulting themnal and fast neutron fluences, taking into account the
specimen position in the reactor were 1.83x10%n/m? (E<0.5 eV) and 5.16x10% n/m? (E>1MeV),
respectively [9]. The He production in Alwas 6.42 appm[9]. The He production in Ticalculated by
using the Japanese evaluated nuclear data library, JENDEL-3.2, was about 3.7 appm.

After imadiation, the disks were electrically thinned by a twin jet technique in a solution of 12.5
vol.% sulfuric acid and 87.5 vol.% methyl alcohol at 263 K with a constant current of about 150 mA
and a varying voltage of 10~12 V. The TEM observation was canied out using a JEM 2000-FX
microscope. The unirradiated disks were also observed using a Phillips CM12 equipped with an
energy dispersive X-ray (EDX) analyzing system, VP9900.

Table 1 Nominal chemical compositions (atomic %) and heat treatment conditions

Ti Al o] N | H |Powder HIP heat treatment

K1) 65.78 | 31.49 |1.49]0.17|1.08] MA |1373 K/10.8 ks/176.8 MPa |annealing/1473 K/ 36 ks

K2| 52.53 | 45.90 [1.26]0.12{0.19] MA [1373 K/10.8 ks/176.8 MPa |annealing/1473 K/ 36 ks

K8[49.80 | 48.11 |12.31]0.19|0.09] MA |1373 K/10.8 ks/176.8 MPa |annealing/1473 K/ 36 ks

K4| 52.41 | 46.87 |0.63]0.06]0.03] PREP [1323 K/10.8 ks/176.8 MPa |hot forging/ 1223 K

MA: Mechanical alloying, PREP: Plasma rotating electrode processing
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Results and discussion

Unirradiated Ti-Al intermetallic compounds

Figure 1 shows low-magnification microstructures of the uniradiated Ti-Al intermetallic
compounds. In mechanically alloyed compounds (K1, K2 and K3), the grain size of K1 (fig. 1(a))
was the largest, and that of K3 (fig. 1(c)) was the smallest. The grain size of K4 (fig. 1(d)) which was
made by PREP was larger than that of K1. The ASTM grain size numbers measured by lineal
analysis were listed in table 2. The distribution of phases observed in the microstructures of fig. 1
is illustrated schematically in figure 2.

Table2 ASTM grain size number before and after irradiation.

before irradiation After irradiation
K1 16.8 16.9
K2 17.5 17.8
K3 19.1 18.7
K4 16.1 No observation

K1 consisted of a duplex structure of matrix and island grains, as seen in figs. 1(a) and 2(a). The
matrix was o, phase. The islands existed in matrix grains and along grain boundaries. In the islands,
the concentration of Ti was higherthan that in the matrix, and a higher number density of planar
defects was observed. From diffraction pattem analyses, the island grains seemed to be also o,
phase. The volume fractions of matrix and island grains were ~93% and ~7%, respectively (table
3). The diametral size distribution of matrix and island grains is shown in fig. 3(a). The grain size of
the islands was smaller than the matrix and was generally smaller than 1.0 pm. However a large
island grain about 2 pm in diameter was observed. The maximum diameter of matrix grains was
about 4 pm. The average diameter of matrix and island grains were ~1.64 um and ~0.53 pm (table
4), respectively. No impurities were detected in both the matrix and islands by EDX analysis.
Dislocation lines were not observed in the matrix and islands, but twin boundaries were observed
in both. Pores were observed in grains and especially on grain boundaries (fig. 4(2)). The pores
on grain boundaries seemed to be largerthan those in grains. The pores had a variety of shapes,
so the shorter diameter was measured in each pore. The diametral size distribution of pores is
shown in fig. 5(a). The size distribution had apeak at about 8 nm, and the maximum diameter was
about 70 nm. The pores in islands were smaller than those in matrix, and average diameter in
islands and matrixwere 9.7 nm and 14.4 nm, respectively (table 5). The number density of pores
in K1 was about 6x10%/m® (table 6), and that in island seemed to be higherthan that in matrix. In
these pores, Ar was detected by EDX analysis.

K3 was designed to be a single phase, y-TiA|, intermetallic compound. However K3 consisted of
three phases of Al,Og, 0, and y. The volume fractions among ALO;, o, and vy were 3~4%, ~10%
and ~87%, respectively (table 3). In the other intermetallic compounds, there were no alumina
grains. The diameter of most alumina grains ranged from 0.3 to 0.9 um, but larger grains ranging to
2.8 umin diameteralso existed. The average diameter of alumina grains was ~0.63 pum. Impurities
such as P, Ti, Cr, Fe, Niand Arwere detected in aluminaby EDX analysis. As seen in figs. 1(b) and
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2(b), relatively largery grains and smaller o, grains were observed. Figure 3(b) shows the diametral
size distribution of ¥ and o, grains. The average diameter of ., and y grains were 0.46 pm and
0.83 um, respectively (table 4). The diameterof o, grains was not largerthan 1.0 pm, and that of v
grains was over 2 um. From EDX analyses, impurities such as Fe, Crand Ni were detected in y
phase, but notin o, phase. itappeared that these impurities came from the stainless balls during
mechanical alloying processes. Fromthe comparison of the presence of impurities between y and
o, phase in K1 and K2, it seemed to be more difficult to dissolve the impurities in o, phase than in
v phase. Twin boundaries were observed in y grains, but only a few twin boundaries were
observed in o, grains. There were pores in y grains and especially on grain boundaries (fig. 4(b)).
Pores were not typically observed in the o, grains. The diametral size distribution of the pores is
shown in fig. 5(b). The size distribution has apeak at ~10 nm, and the maximum diameterwas ~70
nm. The average diameter of the pores was ~13.0 nm (table 5). The distribution of pores which
existed on y~y boundaries was similar to that in K1 which had only a.,-0., boundaries. The number
density of pores in K3 was about 9x10™ /m?® (table 6). In these pores, Arwas detected by EDX
analysis.

K2 was designed to have a duplex microstructure consisting of the o, and ¥ phases in order to
obtain better ductility. The analysis of K2 showed that it consisted of two phases. The volume
fraction of o, and ¥ phases measured by areal analysis were ~22% and ~78%, respectively (table
3). A combination of relatively larger y-TiAl grains and smaller o, Ti;Al grains was observed, as
seen in figs. 1(c) and 2(c). These microstructural charactetistics were similar to that in K3 (figs. 1(b)
and 2(b)). But the grain size in K2 is slightly largerthan that in K3. The diametral size distribution of
o and y grains is shown in fig. 3(c). The average diameter of o, grains in K2 was ~0.65 pm, and
was largerthan that in K3. The average diameterof y grains in K2 was ~0.98 um, and was similar to
thatin K3. The maximum diameterof y grainsin K2 was similarto thatin K3, and was about 2 pm.
Impurities such as Fe, Crand Niwere detected in both a,and y phases by EDXanalysis. Though
no impurities were detected in o, phase of K3 and also of K1, impurities were detected in o,
phase of K2. The amount of impurities in o, phase of K2 is less than that in y phase. Twin
boundaries were observed in both o, and y grains. Twin boundaries existed in o, grains of K2, but
few twin boundaries existed in those of K3. Pores were observed in grains and especially on grain
boundaries, as seen in fig. 4(c). The pores were not observed in o, grains, which was a similar
result to K3. Therefore it is more difficult for pores to occurin o, phase than in y phase. Figure 5(c)
shows the diametral size distribution of pores in K2. The diametral size distribution has two peaks
at ~4 nm and 10~12 nm, and the maximum was about 60 nm. The larger peak and maximum
diameterin K2 were about the same asthose in K3, and also about the same as those in K1. The
average diameterand number density of pores in K2 were ~13.4 nmand ~6x10"/m?, respectively
(table 5 and 6).

K4 consisted of aduplex microstructure of the a,and y phases, as seen in figs. 1(d) and 2(d). The
volume fraction of the o, and y phases measured by areal analysis were ~11% and ~89%,
respectively (table 3). Some «, grains were isolated within y grains. These isolated o, grains
sometimes crossed y-TiAl grains, or arranged in parallel rows. The diametral size distribution of o,
and y grains is shown in fig. 3(d). The grain size of o;and v grains in K4 was much larger than in
both K2 and K3, which had similar duplex microstructures. The average diameter of o, and y
grains were ~1.07 um and ~2.40. um, respectively (table 4). No impurities were detected in the o
and y phases by EDX analyses. Dislocation lines and twin boundaries were observed in both a,
and y phases, asseen in fig. 4(d). The dislocation density in y was 8~9x10™ /m2 No pores were
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observed in K4, which might have resulted from a fabrication process that used hot forging
instead of mechanical alloying.

Table 3 The volume fraction of phases in Ti-Al intermetallic compounds (%)

v-TiAl o TiAl AlLO,
K1 100 (Matrix: ~93, Island ~7)
K2 ~78 ~22
K3 ~87 ~10 3~4
K4 ~89 ~11

Table 4 Average grain size of phases in Ti-Al intermetallic compounds (diameter, pm)

v-TiAl o TizAl
K1 | —— | matrix:1.64, island : 0.53
K2 0.98 0.65
K3 0.83 0.46
K4 2.40 1.07

Table 5 Average diameter of pores in Ti-Al intermetallic compounds (nm)

v-TiAl o TizAl
K1 — matrix : 14.4, island : 9.7
K2 13.4
K3 13.0
K4 No

Table 6 The number densities of pores in Ti-Al intermetallic compounds (m®)

K1 ~6x10"
K2 ~6x10%
K3 ~9x10%®
K4 No

Irradiated Ti-Al intermetallic compounds

After imadiation, the TEM specimens were stored for about 5 years to decay the radioactive
isotope. The dose rates of TEM specimens were ~9.8 mR/h at 1 ecmin K1, ~53 mR/h at 1 cmin K2,
~150 mR/h at 2.54 cmin K3 and ~3.7 mR/h at 1 cm in K4, respectively. As seen in the nominal
chemical compositions in table 1, the amount of impurities such as Fe, Cr and Ni were not
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measured, but these impurities were detected by EDX analysis. By assuming that the ionizing
radiations mainly come fromthese impurities, the amount of these impurities in K1 was the lowest
among mechanically alloyed specimens of K1, k2 and K3. The amounts of these impurities in K2
and K3 were about five times and over fifteen times higher than in K1, respectively. This
estimation about the amounts of these imputities corresponded roughly to the results of EDX
analysis.

The ASTM grain size number of the Ti-Al intermetallic compounds after irradiation were similar to
those before irradiation. Those numbers are listed in table 2.

Figures 6(a) and (b) show cavities observed in both the matrix and island grains of the irradiated K1,
respectively. The faceted cavities occurred in both matrix and islands afterirradiation. The cavities
in the matrix occurred preferentially around pores within the range of about 75 nm from the
surface of the pores (fig. 6(a)). Some small cavities also occurred farfrom pores. The distribution of
cavities in the matrix was not uniform. In the island grains where a high density of planar defects
was observed before irradiation, the cavities were smaller than in matrix (fig. 6(b)). The number
density of cavities in the islands was much higherthan that in matrix. In the island, the’ cavities
seemed to be arranged in rows, and few cavities were on the planar defects. On the grain
boundaries between the matrix and island grains or between matrix grains, few cavities were
observed. The diametral size distributions of cavities in the matrix and island grains are shown in
figs. 6(c) and (d), respectively. The size of cavities in both matrix and island grains was much
smallerthan that of pores. The average diameter of cavities in the matrix and island grains was ~5.6
nmand ~3.4 nm, respectively (table 7). The maximum diameterin the matrix was ~10 nm, and was
similarto that in the islands. The number densities of cavities in the matrix and island grains were
~4x10% /m® and 2x10%2 /m°, respectively (table 8). Loop-shaped and dot-like defects were
observed in both matrix and island grains, as seen in figs. 7(a) and (b). In the matrix, dislocation
loops about 20 nm in diameter were observed. Some of these dislocation loops seemed to be
tangled. In islands, smaller dislocation loops about 5 nm in diameter were observed. It seemed
that the dislocation loops in the matrix were larger than those in the islands, and that the number
density of dislocation loops in the islands was higherthan that in the matrix. In both the matiix and
island grains, these dislocation loops occurred near the grain boundaries and near cavities or
pores. In the island grains, the planar defects which existed before irradiation remained after
irradiation.

In inadiated K3, small cavities occurred only in the y phase. Figures 8(a) and (b) show that the
faceted cavities occurred uniformly in y grains. As seenin fig. 8(a), there were cavity free zones
around v-y grain boundaries, and the width of the cavity free zones was about 100 nm. However,
there was a y-y grain boundary where many cavities occurred. There were no cavities around
poresin v grains, which was different from the cavity nucleation behaviorin o, phase of K1.In the
o, grains of K3, no cavities were observed after iradiation, though many cavities occurred in o,
grains of K1. The diametral size distribution of cavities in vy phase is shown in fig. 8(c). This size
distribution looked like a bi-modal distribution, and has two peaks at ~2 nmand ~10 nm. This
distribution did not include the pores located on grain boundaries. The larger peak in the diametral
size distribution of cavities was similar to the peak forpores. The maximumdiameterwas ~ 20 nm,
which was larger than that in K1. The average diameter and numberdensity of cavities iny phase
were ~9.4 nm and ~2x10% /m?®, respectively (table 7 and 8). Loop shaped clusters and dot-like
defects formed in both v and o, phases afterinadiation. Figures 9(a) and (b) show the dislocation
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loopsiny and ., grains, respectively. The dislocation loopsiny grains were smaller than those in
o, grains, and the diameterwas about 5 nm. The loop diameter in a, grains was about 15 nm. In
the v grains, the number density of dislocation loops near grain boundaries seemed to be lower
than that in grain interiors. However the loop density near twin boundaries in the grain was not
different from that in grain interiors, and defects existed on the twin boundaries. The dislocation
loops also existed near both cavities and pores.

Figures 10(a) and (b) show the cavities that were observed in both the o, and y phases in
imadiated K2. As seen in fig. 10(a), small cavities appeared in some y grains, but not in all the y
grains. There were no cavities around pores in y grains, which was similar to K3. There were no
cavities on y-y grain boundaries, but there were some cavities on twin boundaries in y grains. On
the other hand, a higher density of small cavities occurred in ¢, grains (fig. 10(b)). These cavities
were faceted. The cavities appeared around pores in the range of about 75 nm from surface of
pore, which was similar to the cavity nucleation behavior in K1. The cavities also formed on oy
grain boundaries (fig. 10(a)). The diametral size distributions of cavities in v and o, grains are
shown in figs. 10(c) and (d), respectively. The size distribution of cavities including pores in vy
phase shows a bi-modal distribution (fig. 10(c)). From a comparison of the diametral size
distributions of pores or cavities in y phase before (fig. 5(c)) and after iradiation (fig. 10(c)), it
appeared that the fraction of cavities that were 4~6 nmin diameter increased and the peak for
larger cavities group shifted from 10~12 nm before iadiation to ~20 nm after irradiation. This
suggested that imadiation might cause nucleation of small cavities and growth of the pores. As
seen in fig. 10(d), the diametral size distribution of cavities in o, phase was similar to that in o,
phase (matrix) of K1. The average diameterof cavities in o, and y grains were ~5.7 nmand ~17.5
nm, respectively (table 7). The number densities of cavities in o, and y grains were ~1x10?' /m?
and ~4x10% /m® respectively (table 8).There were loop-shaped and dot-like defects in both o,
and y phases afteriradiation. Figures 11(a) and (b) show the dislocation loops iny and a, grains,
respectively. The diameterof dislocation loops iny grains was similarto orslightly largerthan that
in o, grains. These dislocation loops were about 10 nm in diameter. The number density of
dislocation loops in o, grains seemed to be higher than that in y grains. These defects existed
near grain boundaries and cavities.

In irradiated K4, TEM specimen did not electropolish uniformly which resulted in limited thin
regions of the foil. As a result, only two y grains were observed. In these y grains, small cavities
occurred afterirradiation, as seen in fig. 12(a). These faceted cavities formed along the dislocation
lines which existed before irradiation. There were some cavities on twin boundaries in the y grain,
but no cavities on grain boundaries. Figure 12(b) shows the diametral size distribution of cavities
iny grains. A bi-modal distribution was observed. The critical diameter of smaller cavities was ~2
nm. The average diameter and numberdensity of cavities in y grains were ~5.6 nm and ~8x10%®
/m®, respectively (table 7 and 8). Large stacking fault dislocation loops that were about 50 nm in
diameter formed in y grains. Figure 13(a) and (b) show the dislocation loops the y grain. These
dislocation loops were much largerthan those in y grains of K2 orK3. These loops formed near
the dislocation lines that existed before irradiation, and also formed preferentially near grain
boundaries. The distribution was not uniform. The number density of dislocation loops was much
lower than that in y-TiAl grains of K2 or K3.
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Table 7 Average diameter of cavities in phases (nm)

v-TiAl o TiAl
K1 matrix: 5.9, island : 3.4
K2 17.5 5.7
K3 9.4 No
K4 5.6 XXX

xo000ckx : TEM observations were not carried out

Table 8 Number densities of cavities in phases (m®)

v-TiAl o~ TizAl
K1 matrix : ~4x10%, island : 2x10%
K2 4x10% 1x10%
K3 2x10% No
K4 ~8x10% XXOOOOKXXK

xoooooxx : TEM observations were not canied out

Cavity nucleation in oc_z-Tl_aAI and v-TiAl phase

Cavities formed in both o, and y phases during neutron ifradiation at 673 K, though there were
some exceptions in K2 and K3. This irradiation temperature corresponded to 0.27 T,, (T,;: melting
point) for y and 0.34 T,, for o, respectively. The size distributions of cavities looked like bi-modal
distributions. The relatively larger cavities were faceted. This suggests that the larger cavities
might be voids. It is well-known that voids form during irradiation in the temperature range from 0.3
to 0.55 T, in metals. It was expected, therefore, that the Ti-Al ordered intermetallic compounds
also experienced void swelling in this temperature range.

Inthe o, phase of K1, K2 and K3, cavities formed in K1 (both the matrix and islands) and in K2, but
not in K3. In K1 and K2, the cavities formed preferentially around pores. These pores existed prior
to irradiation, and contained Ar gas. The range where cavities existed from the surface of pores
was about 75 nm. It is suggested that Ar is recoiled from the pore by the elastic collision with
neutrons, which makes an atomic displacement, and assists the nucleation of gas bubble. The
maximun recoil energy of Arwith 1 MeV neutron by the elastic scattering was about 96 keV. The
range of these energetic Arions in c, phase was calculated using TRIM 85 with the displacement
energy of 25 eV forboth Tiand Al, and was about 73 nm. This calculated range cormresponded well
to the measured range of cavities from the pores surface. Therefore the cavities around pores
might be Argas bubble, and Argas might assist the nucleation of cavities. In K3, however, cavities
were not observed both in ¢, grains and around pores. The Ar gas was also detected in pores of
K8. This means that the presence of Argas and othergas might be the key factorforthe formation
of cavities in the o, phase. In addition to Argas, heliumwas also generated from nuclear reactions
of Al and Ti. The calculated He concentration in a,-Ti;Al was about 4.4 appm. However although
helium was produced in K3, cavities were not observed. Therefore this amount of helium might
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not have an influence on the cavity nucleation, ormight be less effective than Ar. Oxygen is also
presentin these compounds. K3 contained twice the amount of oxygen compared to K1 or K2.
However alumina was observed only in K3, and the volume fraction of alumina was about 3%.
From the estimation of the amount of oxygen in alumina, alimost all oxygen sis assosiated with
alumina. Therefore K1 and K2 dissolved the oxygen, but K3 dissolved much less oxygen. This
suggested that the oxygen had an influence on the cavity nucleation in the a, phase. Other
impurities such as Fe, Cr and Ni were detected only in K2 but not in K1 and K3, which did not
correspond to the nucleation behavior of cavities among them.

In the y phase, the cavities were observed in every specimen, except for K1. Howeverthere were
differences in the nucleation behavior of cavities among K2, K3 and K4. In K2, the number
density of cavities was much lower than in K3 and K4. In K3, the number density of cavities was
the largest, and cavities formed uniformly in y grains. In K4, cavities occumed along dislocation
lines which existed before irradiation. The size distribution of cavities in K3 and K4 showed bi-
modal distributions. In all the y grains investigated, there were no cavities near pores. Therefore
the Ar gas in pores was not effective to form cavities in y phase, which was different from the
effect of Arin o, phase. The calculated concentration of He gas which was generated from nuclear
reaction of Ti and Al was about 5 appm. This amount is similar among K2, K3 and K4. Such an
amount of He gas had little influence on the nucleation behavior of cavities in ¥ phase. Oxygen
was also contained in these materials. Though the content of oxygen was highest in K3, almost all
the oxygen was tied up with alumina, as discussed above. The amount of free oxygen in K3
seemed to be very low. The amount of oxygen in K2 was higherthan in K4. The number density
of cavities was the largest in K3, and the smallest in K2. Therefore the tendency of oxygen gas
affecting the cavity nucleation in y phase was opposite in o, phase. Nakata et. al. reported a similar
effect of gas atoms on cavity nucleation behaviorin He* ion irradiation experiment [3, 4]. In front of
the calculated projected range of He ions, where the He concentration was very low, the number -
density of cavities in y phase was largerthan that in o, phase [3]. In the calculated projected range
of He ion, where the He concentration was high, the number density of cavities in ¢, phase was
largerthan that in Yy phase [4]. Therefore the effect of gas atoms on the cavity nucleation behavior
might be different between y and o, phases. Other impurities such as Fe, Cr and Ni were
detected in K2 and K3 but not in K4. This did not correspond to the cavity nucleation behavior
among them.
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Figure 1 Low magnified TEM images of unirradiated Ti-Al intermetalic compounds.

(a) K1: o,-Ti,Al, (b) K3: y-TiAla.-Ti, AVALO,, (c) K2: v-TiAlla,-Ti,Al, (d) K4: y-TiAl/a,-Ti,Al. K1, K2 and K3 were made by
the mechanical alloying, and K4 was made by the plasma rotating electrode process.
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Figure 2 Schimatical illustrations of phase distribution of microstructures observed in figure 1.

(a) Duplex structure of matrix and island grains of o.,,-Ti Al in K1, (b), (c) and (d) Distributions of y-TiAl and c.,-Ti,Al grains

in K3, K2 and K4, respectively.
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Figure 3 diametral size distributions of grains in unirradiated (a) K1, (b) K3, (c) K2 and (d) K4.
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Figure 4 Microstructures of unirradiated (a) K1, (b) K3, (c) K2 and (d) K4. In mechanically alloyed K1, K3 and K2, pores
were observed especially on grain boundaries.
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Figure 7 Weak-beam dark-field images in (a) matrix and (b) island of
irradiated K1.
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Figure 8 Cavities and diametrall size distribution of
cavities in y-TiAl of irradiated K3.

(a) Cavity free zones along y-y and o~y grain bound-
aries; (b) Cavities in vy grain.
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Figure 9 Weak-beam dark-field images in (a) y-TiAl and (b) o,-Ti Al of
irradiated KS.
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Figure 11 Weak-beam dark-field images in (a) y-TiAl and (b) ao-TizAl of
irradiated K2.
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Figure 12 Cavities and diametral size distribution in y-TiAl of irradiated K4.
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