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ABSTRACT

1-MeV electron irradiation of hydrogenated Zr3Al (Zr3AlHo.96) at 10K
is studied. A more than 20 fold reduction in the critical dose required for
complete amorphization is observed for the hydrogenated specimen as
compared to the un-hydrogenated Zr3Al under identical irradiation
conditions.

INTRODUCTION

Recent work on the ordered intermetallic compound Zr3Al (Ll2-type
superlattice) has demonstrated a correlation between a critical volume
expansion of the crystalline lattice and the onset of amorphization during
ion bombardment. The volume expansion results in a dramatic softening of
the shear modulus, which is remarkably similar to that seen in simple
metals during heating to melting[l]. Although the volume expansion
preceding amorphization during ion bombardment is associated with the
loss of chemical long-range order (CLRO)[2], a lattice dilation of similar
magnitude, e.g., 3(Aa/a) ~ 2.5%, also occurs prior to the onset of
amorphization of Zr3Al during hydrogenation[3]. In contrast to irradiation,
no significant change in CLRO occurs during hydrogenation[3], indicating
that the expansion results from hydrogen occupying interstitial sites in the
ordered compound. These observations imply that dilatational strain,
rather than chemical disordering per se, plays the key role in the onset of
amorphization. Moreover, by also reducing the free energy difference
between the crystalline and amorphous phases, the presence of hydrogen
can be expected to reduce the amount of displacement damage required to
completely amorphize an intermetallic compound.

Previous work by Koike et al.[4] on un-hydrogenated Zr3Al has
shown that a critical electron dose in excess of 26 displacements per atom
(dpa) is needed to completely amorphize the compound when irradiated at
10K with 1-MeV electrons. This critical dose is anomalously large
compared to the typical 1 dpa or less reported in a recent survey of
intermetallic compounds which undergo amorphization during electron
irradiation[5]. In contrast to these more easily amorphizable materials,
point defect aggregation was observed during irradiation of Zr3Al at 10K,
which suggests that the anomalously large critical dose is related to
dynamical point-defect recovery processes. As will be shown, under



identical irradiation conditions, the presence of hydrogen causes a more
than a 20 fold reduction in the critical dose.

EXPERIMENTAL PROCEDURES

Zr3Al alloys used in this study were prepared by arc-melting, and
subsequently homogenizing at 900°C for 12 days. The homogenized alloy
consists predominantly of Ll2-Zr3Al, with a few percent of the Zr2Al phase.
Details of the hydrogenation procedures have been previously
described[3]. TEM samples of hydrogenated specimens were prepared by
electropolishing with an acid free solution[6]. Electron irradiations were
carried out at 10K in the Argonne HVEM with a 1-MeV electron beam
focused to ~ 1 u.m in diameter. The peak electron flux was measured by a
Faraday cup to be ~ 2.5 x 1019 e/cm2-sec. Using an average total
displacement cross section, od, for Zr3Al of 40 barns[7], this peak electron
flux corresponds to a peak displacement rate of ~ lxlO*3 dpa/sec. This
point will be discussed later.

RESULTS AND DISCUSSION

Details of the hydrogenation of Zr3Al are described elsewhere[3,8].
The specimen used in this study was hydrogenated at 340°C for 21 hours.
The overall hydrogen to metal ratio (H/M) is 0.24 (Zr3AlHo.96). The initial
grain size is around 10 u.m. Detailed examination revealed that after
hydrogenation an amorphous phase has nucleated homogeneously in
certain grains where the amorphous/crystalline interface is no longer
sharply defined[8]. In other grains which have remained crystalline up to
this point, a high density of planar defects resulted from the
hydrogenation treatment.

Fig. 1 shows a series of (130) zone-axis electron diffraction patterns
taken at 10K from a grain rendered partially amorphous by hydrogenation
prior to electron irradiation. Figs. l(a), l(b), and l(c) correspond to
electron doses of 0, 0.12, and 0.6 dpa, respectively. The existence of strong
superlattice spots in Fig. l(a) signifies a high degree of CLRO in the
remaining crystalline material of the hydrogenated sample. At 0.12 dpa,
Fig. l(b) shows that the intensity of superlattice spots is greatly reduced
with respect to that of fundamental spots, indicating that chemical
disordering is taking place. By 0.6 dpa, Fig. l(c) shows that the irradiated
region has been almost completely amorphized. Fig. 2 shows the
corresponding transition in bright-field mode. With the irradiated area
centered around the center of the bend contour, the detailed bend contour
contrast is diminished by 0.12 dpa, and has completely disappeared by 0.6
dpa.

Fig. 3 shows irradiation induced changes in the (100) zone-axis
electron diffraction patterns taken at 10K from one of the grains
containing a high density of planar defects, i.e., a grain which remained
crystalline after hydrogenation. Figs. 3(a), 3(b), and 3(c) correspond to



Fig. 1. Ll2-Zr3Al (130) zone-axis diffraction
patterns; (a), (b), and (c) correspond to
0, 0.12, and 0.6 dpa« respectively.
Irradiation carried
electrons at 10K.

o u r with 1-MeV

Fig. 2. Bright-field images of the irradiated
region in Fig. 1; (a), (b), and (c)
correspond to 0, 0.12 and 0.6 dpa.

(b)

Fig. 3. Ll2-Zr3Al (100) zone-axis diffraction
patterns; (a), (b), and (c) correspond to
0, 1.1, and 1.7 dpa; respectively.
Irradiation carried out with 1-MeV
electrons at 10K.



electron doses of 0, 1.1, and 1.7 dpa respectively. It is evident from Fig.
3(b) that by 1.1 dpa, over 90% of the irradiated area has been rendered
amorphous. From 1.1 to 1.7 dpa, no further changes occur in the electron
diffraction patterns. However, some remnant Bragg spots are still present
by 1.7 dpa. Fig. 4 shows a bright-field image of the irradiated area after
1.7 dpa, from which it can be seen that the crystalline matrix has become
featureless although residual contrast is still evident from the planar
defect region. Thus we conclude that the initially crystalline matrix is
rendered amorphous by about 1 dpa, whereas the planar defect region is
more resistent to amorphization. Based on these observations, the total
electron dose neccesary to amorphize Zr3AlHo.96 by 1-MeV electrons is at
least 20 times less than that required to completely amorphize un-
hydrogenated Zr3Al.

We have used an average total displacement cross section of 40
barns (same as un-hydrogenated Zr3Al) to convert the total electron dose
to dpa. With the addition of hydrogen, secondary displacement events such
as displacement of hydrogen by incoming electrons and subsequent
displacements of Zr or Al by recoiling hydrogen atoms become possible. In
systems with large mass mismatches, such as Pt-C, such secondary
displacements can contribute significantly to the displacement of heavier
atoms[9]. We have estimated the relative importance of hydrogen
secondary displacement events of the Zr and Al atoms as follows. First, the
primary displacement cross section for 1-MeV electrons incident on
hydrogen, assuming a displacement threshold Td of 4 eV, is 40 barns[7].
This is close to the average total displacement cross section for 1-MeV
electrons incident on Zr3Al, assuming an average displacement threshold
Td of 25 eV[7]. The assumption of Td = 4 eV for hydrogen as compared to
the usual assumption of an average Td for Zr3Al of 25 eV assumes the
possibility of hydrogen being displaced with greater ease. Thus electron
induced primary displacement events have roughly equal cross sections
for displacing Zr, Al, or hydrogen. The maximum kinetic energy transfer
from a 1-MeV electron to hydrogen is 4.4 keV[10]. TRIM[11] calculations
for 4.4 keV hydrogen incident on Zr3Al assuming an average displacement
threshold of 25 eV yields ~ 1.8 displacements per hydrogen per angstrom.
Taking the target density to be the weighted average of that of pure Zr and
Al (i.e., 4.6 xlO2 2 atom/cm3), and assuming every displaced hydrogen will
recoil with the maximum kinetic energy of 4.4 keV, the upper bound on
the number of secondary displacement events of Zr and Al due to
hydrogen is only ~ 40% of the primary Zr and Al displacement events. It
should also be pointed out that our assumption that every hydrogen will
recoil with the maximum kinetic energy possible grossly overestimates the
actual frequency of secondary displacement events, since the hydrogen
primary recoil spectrum is heavily weighted toward smaller energy
transfers[10]. Thus our estimate demonstrates that additional secondary
displacement events due to the presence of hydrogen cannot be the cause
of the observed 20 fold reduction in the total electron dose required to
amorphize Zr3AlHo.96 as compared with un-hydrogenated ZnAl. As
mentioned before, the addition of hydrogen into the LI2 phase decreases



the free energy difference between the LI2 and the amorphous phase. This
may account for the greatly reduced electron dose required for
amorphization. In addition, point defect aggregation has not been observed
during irradiation of the hydrogenated specimen, which is similar to all of
the other intermetallic compounds which undergo electron irradiation
induced crystal to glass transformation at ? dose level of about 1 or 2
dpa[5].

In summary, we have studied the process of combined
hydrogenation and subsequent 1-MeV electron irradiation of the ordered
intermetallic compound Zr3Al. Hydrogenation causes a more than 20 fold
reduction of the critical dose required for complete amorphization. The
combination of different processing techniques, such as hydrogenation and
electron irradiation, may prove to be very useful in extending the range of
metastable materials which can be synthesized by solid-state techniques.
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