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ABSTRACT

The ordered intennetaUic compound ZT3A1 was irradiated with 3.8 MeV Zr3* ions at vari-
ous fluences up to 5 x 1012 ions/mm2 at a temperature of 250 °C and the irradiation-in-
duced microstructures were investigated by transmission electron microscopy. Disorder-
ing began at the lowest dose. 0.0033 dpa. and complete loss of chemical long-range order
occurred at a dose of 0.33 dpa. The onset of amorphization was also observed at this dose.
Electron diffraction patterns from irradiated samples showed satellite reflections along
<OI1> in thin foils in (100] orientation and streaking along < 111) in foils oriented [Oil].
These diffraction effects are attributed to the presence of irradiation-induced mlcrostruc-
tural defects that, when imaged in dark field, resemble rows of dislocation loops. A model
of these arrays of loops, which are suggested to have Burgers vectors of the Frank type, is
proposed. The model accounts for the contrast -sffects observed in the images and the
streaking and satellites seen in the diffraction patterns. At the highest dose. 1.6 dpa. a
new phase. ZrsAla. appeared unexpectedly, most likely as a consequence of irradiation-
induced solute segregation.

INTRODUCTION

It is now well known that disordering and. in many cases, subsequent amorphization of
ZT3A1 can be induced by irradiation with charged parades. This has been demonstrated
using 0.5 to 2.0 MeV C*. N+ and Ar+ ions at temperatures ranging from -243 to 477 °C (1-3].
1 MeV Kr+ ions at 22 °C (4], 2 MeV protons at -192 °C (5], and 1 MeV electrons at -263 to 502
°C (4.61. However, there apparent^ have been no studies concerning its behavior when ir-
radiated by self-ions, wherein the bombarding species represents one of the components of
the irradiated alloy- Apart from the possibility of shifting the phase equilibria of the ma-
terial because of composiUonal changes brought about by the implantation of the self ions
at large fluences. other potential alloying effects are eliminated entirely while retaining
the advantages of producing radiation damage at relatively high rates. At small fluences
the alteration of the composition is negligible, and the only effect of irradiation is caused
by displacement damage. In this paper we report the microstructural changes that occur
in ZT3A1 under irradiation with energetic 3.8 MeV Zr3* ions at a temperature of 250 °C.

EXPERIMENTAL PROCEDURES

Details of the preparation of the Zr3Al alloy are described elsewhere (7]. Samples of the
material In the form of 3 mm disks were irradiated at the Triple Ion Beam Facility at the
Oak Ridge National Laboratory using 3.8 MeV Zr3* ions at a temperature of 250 °C" Seven
different fluences were used."ranging from 10 i 0 Ions/mm2 to 5 x iO12 ions/mm2. The
damage and ion deposition curves, calculated with the PC version of TRIM 89. assuming a
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threshold displacement energy. Ed. of 25 eV. are shown in Fig. 1. where ^^f.^en that
range of the 3.S MeV Zr3* ions is approximately 2 urn (Fig. la). The doses at the depths cor-
responding to the maximum damage for each fluence are shown tn Table 1 In units oi dis-
placements per atom. dpa. The average concentrations of implanted Zr ions are also
shown in Table 1. The doses were calculated from the damage curve by multiplying the or-
dinate bv et/Nv. where o is the Ion flux, t is the irradiation time and Nv is the number oi

' atoms per unit volume. These doses are lower than those reported previous^ [71 because ot
the higher value of Ed used (25 cf. 20 eV). consistent with previous work [1-4].

I
TABLE 1

Relevant values of the parameters charac-
teristic of the 3.8 MeV Zr3* ion

irradiations of Zr^Al used in this
investigation.

(a)

Q5 1.0 1.5 20 25

1.5

1.0

>Q5
U

Fluence
(tons/mm^

1 x 1010

5 xlO10

1 x 10 n

3 xlO11

lx lO 1 2

5 xlO1 2

max dose

0.0033
0.0167
0.0330
0.1000
0.3300
1.6700

(ions/mm^

5.26 xlO12

2.63 xlO1 3

5.26x 1013

1.58 xlO1*
5.26 XlO1*
2.63 xlO1 5

. / • (b)
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X(pm)

20 25

FIGURE 1. TRIM code calculations of (a)
the damage displacement curve and (b) the
ion deposition curve for 3.S MeV Zr3"1" ions
incident on ZT3A1. In (a) dpi represents dis-
placements per ion. In fb) Cv represents the

number of Zr ions deposited per unit
volume: at is the fluence.

For transmission electron mi-
croscopy (TEM) analysis, the irradiated
sides of the disk samples were thinned to
the peak damage region, then back-thinned
to perforation using a South Bay Technol-
ogy. Inc. Model 550C Jet Thinning Instru-
ment. For the irradiated sides of the sam-
ples, two electrolytes were used: a solution
of 20% perchloric acid in acetic acid at
room temperature that yielded a polishing
rate of 2.09 nm/s; a solution of 5% perchlo-
ric add in ethanol at -50 °C that yielded a
polishing rate of 0.13 um/s. The polishing
time required to reach the peak dose was de-
termined by dividing the total damage depth
by the polishing rate. To avoid overshoot-

ing the peak damage depth, the actual polishing times used were slightly less. For the
perchloric add in acetic add solution the actual polishing time was reduced by 25%. With
the perchloric add tn ethanol electrolyte greater control was possible due to its much
lower rate of attack; this enabled the peak damage region to be more closely approached.
Thus, the actual polishing time was curtailed by just 5%. In either case, the error
introduced into the calculated peak doses by thinning Just short of the maximum damage
depth is not greater than approximately 10%. After electropolishing. the samples were
examined in a JEOL model 100CX TEMSCAN transmission electron microscope (TEM)
operating at 100 keV.

Values of the long range order parameter S were determined from the formula UJ

S =

where Is and If refer to the intensities of the superlattice and fundamental reflections, re-
suectiveiy. taken from an electron diffraction pattern. These intensities were assessed by
scanning' the negatives of the diffraction patterns with an Optronics International P-1000



microdensitometer. To ensure consistent intensity readings, the samples were tilte'd so
chat the intensities of the low order reflections were symmetric about the transmitted
spot. The <2OO}/(1OO| and (2201/1110) pairs of reflections in the <001) zone orientation
were used In the calculations of S. Between 2 and 5 pairs of intensities were measured for
each determination of S. The intensities were measured from films that would normally
be regarded as underexposed to ensure that the much more intense fundamental reflec-
tions did not saturate the film.

RESULTS

TEM analysis of the Irradiated ZraM shows that the Zr3* Ions are disordering the alloy. A
series of diffraction patterns Illustrating the gradual loss of order from the unlrradiated
state to a dose of Q.33 dpa Is shown in Fig. 2. It can be seen that at the very lowest dose.
0.0033 dpa, disordering has already commenced, and at a dose of 0.33 dpa the Zr;jAI Is
essentially completely disordered. Residual intensity is visible at the positions of the su-
periattlce reflections In the samples irradiawd to 0.33 dpa (Fig. 2) In diffraction patterns
exposed for longer times than those normally used for measuring the values of S. Addi-
tionally, at 0.33 dpa amorphizatlon has begun, as evidenced by the faint amorphous ring.
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FIGURE 3. The variation of long-range-
order parameter. S. with dose in ZT3A1

under a variety of irradiation conditions

O0167 0.033
The variation of S with dose Is shown

in Fig. 3. in which the data of Koike et al. [41.
Carpenter and Schulson f6] and Rehn et al. [8]
are included for comparison. Except for the
data at the smallest dose. 0.0033 dpa. the
agreement with the previous work appears to
be very good. The extent of damage observed
at the smallest dose is perhaps surprising,
but as shown below the rapid decrease in S at
this small dose Is accompanied by the forma-
tion of defects which are visible at a dose two
orders of magnitude larger.

It was noted previously [7] that the
Zr3+ irradiations cause mottled contrast
seen in the Zr3Al grains under bright field
imaging conditions, and that this contrast is
absent in unirradiated samples. The mottled
contrast is due to the presence of irradiatlon-

induced defects, the nature of which has not been conclusively established. Figure 4 shows
that the mottled contrast is apparent even at the lowest dose. 0.0033 dpa. The arrows indi-

0.10 O33

FIGURE 2. Illustrating the progression of
the loss of long range order with lncreas-
i g dose in 3.8 MeV Zr^-ion irradiated



eate some of the defects, which are readily visible in bright field. The diffraction pattern
inset in Fig. 4 shows that streaking occurs along (Hi ) directions in (011| diffraction
patterns, and provides a clue into the crystallography and possible morphology of the de-
fects. The defects lie ->- (111) and (ill) and can be either planar or rod-shaped, based on
their projected Images. Figure 5 is a dark-field image of a sample Irradiated to 0.33 dpa
taken using a portion of a streak close to the (111) reflection, shown Inset in the
diffraction pattern. Despite the difficult Imaging conditions, the linages suggest that the
defects are not planar, but resemble rows of circular loops, approximately 6 nm In
diameter, sharing a common axis.

To examine the possibility that the defects seen in Fig. 5 are rows of dislocation
loops, which have not been reported previously In Irradiated Zr;jAl, a diffraction contrast
experiment was performed on a large grain in a sample irradiated to 0.033 dpa. Figure 6
shows the same area of a foil in [OH] orientation, imaged using the (1 ll) (Fig. 6a) and (111)
(Fig. 6b) reflections. It is evident that a different set of defects goes out of contrast in each
of the figures, suggesting that they might be rows of dislocation loops. Also, based on what
is observed In the diffraction patterns, particularly the satellite reflections along (110) in
thin foils oriented (001] [7], the streaks in the diffirsction patterns Inset in Figs. 4 and 5 are
relrods rather than relplanes.

A model of the defect structure consistent with all these observations Is shown
schematically in Fig. 7. It consists of stacks of faulted dislocation loops of the Frank type.
The loops in the stacks are concentric, with their axes lying in the {111} planes, but the
planes of the individual loops are tilted towards another plane in this family. For exam-
ple, the stack with its axis lying In (111) consists of loops parallel to (111). The stacks of
loops with axes lying In (III) have Burgers vectors of the type ±^/3t 111|. whereas the
stacks of loops with axes lying in (11 i) have Bulgers vectors of the type t*^! 111). Contrast
at the loops parallel to (111) vanishes for g = (111) because g b = ±V3, while the set parallel
to (111) under these same diffracting conditions is visible because g-b = ±1. The identical
argument applies for the diffraction vector g = (ill), for which the loops with b « ±*/3l i l l ]
will be visible, while those with b = ±*/3[l 11] will be invisible. The most probable direc-
tions of the axes of the proposed stacks of loops are <112). Judging from the Images in Fig. 5.
but this needs to be confirmed by future experiments.

Interestingly, the number of defects per unit volume appears to be nearly indepen-
dent of dose. Even though quantitative measurements of the defect concentration have
not been made, comparison of various bright-field images (e. g. Figs. 4 and 6) suggests that
this is the case. Furthermore, the existence of the defects Is not strongly coupied to disor-
dering. This can be deduced from the diffraction patterns inset in Figs. 4 and 5. in which
the streaking is evident, although the supenattice reflections have disappeared in the lat-
ter figure.

FIGURE 4. Bright-field TEM image of a FIGURE 5. Dark-field TEM Image of a
sample of 2T3A1 irradiated to the lowest sample of ZT3A1 irradiated to 0.33 dpa. The

dose. 0.0033 dpa. The arrows indicate the image was taken by placing the objective
defects referred to in the text. These aperture over a streak at the position

produce the streaking in the diffraction indicated by the circle in the diffraction
pattern inset. pattern inset.



(a)

(b)

FIGURE 6. Bright field images of the same region of a sample of Zr3Al irradiated to a dose
of 0.33 dpa. taken under the diffraction conditions indicated. A different set of defects

becomes invisible in each Image. This is most apparent near the center of each
photograph, where two-beam diffracting conditions are closer to being realized.

At the very highest dose. 1.67 dpa. the presence of the phase ZrsAlg was noted. This
has the tetragonal D8m structure, with a = 1.1049 nm and c = 0.5396 run. The appearance
of this phase is seen in Fig. 8. which also shows a [0011 diffraction pattern. The Zr5Al3
phase is quite featureless, but the diffraction pattern indicates the coexistence of an
amorphous phase. These observations are preliminary, and more work is required to sort
out the details of the microstructures of the specimens irradiated to the larger doses. Nev-
ertheless. ZT5A13 was not found In the unirradiated state, despite extensive examination,
whereas several strongly diffracting grains of Zr5Ai3 were readily observed in the Zr3AJ
irradiated to 1.67 dpa. The Zr5Al3 phase is clearly irradiation-induced and attributable
to displacement damage, since the concentration of implanted Zr atoms is negligible, and
in any event would push the phase equilibria in the direction of a-Zr from ZrsAl or to
Zr3AI from Zr2Al (which is always present in minor amounts (10!).



FIGURE 7. Schematic features of the model
of stacks of faulted dislocation loops used
to explain the effects observed In the TEM

images and diffraction patterns.

FIGURE 8. A bright-field TEM image of the
ZX5AI3 phase observed in a sample of Zr3Al

irradiated to a dose of 1.67 dpa. The
diffraction pattern is inset.

DISCUSSION

There are Interesting differences between the results of our work and those of other Inves-
tigators. For example, the work of Howe and Ralnvllle [1-3! closely approximates the
conditions of the present study. They bombarded ZX3AI with 0.5 to 2 MeV C+. N+ and Ar*
ions at temperatures as high as 477 °C. At temperatures between 12 °C and 420 °C complete
disorder was attained at doses ranging from 1.4 to 2.8 dpa. This compares with a dose of
only 0.33 dpa to Induce total disorder using 3.8 MeV Zr3* ions at 250 °C. The C*. N* and
Ar+ ions are apparently less effective in producing damage than the Zr3* ions, at least over
the temperature range studied by Howe and Ralnvllle. This perhaps can be attributed to
the greater mass of the Zr3* ions. Among the C+, N+ and Ar* ions the most massive is AT*.
which has a mass of 39.9 atomic mass units (amu), compared with a value of 91.2 amu for
Zr3* ions. Rehn et al. [8] observed the onset of amorphization in ZT3A1 at about 0.15 dpa
on room-temperature bombardment with 1 MeV Kr1" Ions, which have nearly the same
mass as Zr* 183.8 amu). This result adds to the evidence that the onset of amorphization at
a fixed irradiation temperature is coupled to the mass of the bombarding species, the more
massive the bombarding ion the lower the dose for the onset of amorphization.

Howe and Rainville also noted the presence of irradiation-induced defects, though
theirs differed significantly from those observed in this study. In their investigation the
defects appeared as dark, roughly circular spots in dark-field Images. They postulated the
defects to be three-dimensional vacancy or interstitial clusters with spherically symmet-
ric strain fields. We attempted to Image the Irradiated samples in dark field using the
same reflections as those used by Howe and Rainville. but did not find any features resem-
bling the dark spots they observed. There can be no doubt that the defects seen in our spec-
imens (Figs. 4 to 6) have not been observed under any other conditions of irradiation.
Since they produce such distinctive diffraction effects it Is highly unlikely that they could
have been overlooked by other investigators. They seem to be unique to material irradi-
ated by Zr3* ions, for reasons which are not known.

It is necessary to consider whether the proposed model of these defects is consistent
with our other observations. If the defects were truly rod shaped they would produce
relplanes. which could not account for the satellites consistently observed at reflections
in the 10011 diffraction pattern. This supports the conclusion that the essential compo-
nents of the defects must be planar in nature. Faulted dislocation loops produce intense
streaking in the form of relrods normal to their own planes, i. e. planes of the type (III}.
which readily accounts for the satellite reflections. However, the planes of the Individual
dislocation ioops in the stack should be parallel to the [011] zone axis, and should there-
fore appear as short segments in projected images, such as the dark-field image in Fig. 5.



We believe that the circular appearance of the features seen in this figure is due to a combi-
nation jof tilting of the foil from the exact [Oil] zone axis, the effect of spherical aberration
in the image and the contribution of specimen drift during the relatively long exposure
time (64 s) used to photograph the image. Whereas the model successfully explains the fea-
tures seen in TEM images and diffraction patterns, we have as yet made no attempt to de-
termine whether the postulated stacks of faulted dislocation loops are energetically
stable. The model must therefore be viewed with this qualification in mind.

In a study involving electron bombardment of Zr^Al, Koike et al. [41 observed dif-
fuse intensity along the (Oil) directions In foils oriented |100]. The diffuse intensity ob-
served by them can be easily duplicated in our diffraction patterns recorded at moderate
exposure times: longer exposures produce the Intense satellites seen in Fig. 2, 0.33 dpa.
Koike et al. [4]. following the suggestion cfRehn et aL [8] and Okamoto et aL [111, attribute
the diffuse intensity to softening of the shear elastic constant C = (Cn - Ci2)/2. whereas to
our case similar diffraction effects are definitely caused by the irradiation-induced mi-
crostructural defects visible in Figs. 4 to 6. Koike et al. observed what they call black-dot-
ted contrast In their samples electron irradiated at 10 and 57 K. and attributed it to the
presence of lattice defects of an unspecified nature. Unfortunately, they did not publish
images of their samples irradiated at 295 K, hence it is not possible to determine whether
these lattice defects would condense at higher Irradiation temperatures into arrays of
loops similar to those observed by us.

An implication of the existence of dislocation loops is that point defects (probably,
though not necessarily, lnterstitlals) are removed from the irradiated microstructure.
thereby reducing the driving force for amorphizatlon. Since current theories of amor-
phlzatlon (12-171 invoke a significant buildup of point defects as a mechanism of raising
the free energy of the crystalline state, the presence of the defects we have observed would
appear to be Inconsistent with the observation that the onset of amorphlzatlon occurs at a
relatively low dose for heavy ions (-0.33 dpa). We believe, however, that since the concen-
tration of the loop-type defects saturates at low doses, the new point defects created on con-
tinued irradiation enable their continued buildup. This buildup, combined with the de-
struction of long-range order, continues until the concentration of point defects necessary
for amorphlzatlon is reached.

At the highest dose, 1.67 dpa, the phase ZrsA^ was found (Fig. 8). This is probably
a result of irradiation-jiduced solute segregation, and a possible mechanism that ex-
plains this phenomenon has been proposed (9]. It states that the fraction of atoms among
the Intcrstltials created during Irradiation by the production of Frenkel pairs will not be
the same as the proportion of atoms In the alloy. Instead, the tnterstitials will be popu-
lated preferentially by the undersized atoms, and interstitial fluxes to point defect sinks
will drag the undersized solute atoms with them; Al is the undersized atom in Zr-Al alloys.
The formation of ZrsAl3 requires that Al be added to the existing phases in the material.
Since 2r2Al is commonly present in ZT3A1 alloys, segregation of Al to particles of ZT2A1
could easily account for the formation of ZrsAl3.

SUMMARY

1. Under bombardment with 3.8 MeV Zr3* Ions at 250 °C. ZrjjAl begins to disorder at a dose
as low as 0.0033 dpa and is completely disordered at a dose of 0.33 dpa. At that dose, the
onset of amorphizatlon also occurs, as evidenced by the amorphous ring in the <1OO> elec-
tron diffraction pattern.

2. Defects form as a result of irradiation, causing satellite reflections along (011) in [100]
electron, diffraction patterns, and producing streaks parallel to (111) In (01II electron
diffraction patterns. When imaged to dark field, they resemble rows of dislocation loops.
It is proposed that the defects consist of concentric stacks of faulted dislocation loops of
the Frank type. These proposed arrays are capable of producing the diffraction contrast
effects seen in the TEM images and the streaking seen to the diffraction patterns.

3. The phase Z15AI3 Is seen at a dose of 1.67 dpa. and most likely forms as a result of irra-
diation-induced solute segregation.
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