PHYSICAL REVIEW B

VOLUME 51, NUMBER 21

1 JUNE 1995-1

Enhancement of the electron-irradiation-induced amorphization of Zr,Ni and Zr;Al by hydrogen

D. K. Tappin, I. M. Robertson, and H. K. Birnbaum
Department of Materials Science and Engineering and the Frederick Seitz Materials Research Laboratory,
University of Illinois, Urbana, Illinois 61801
(Received 1 July 1994)

An examination of the effect of interstitial hydrogen on electron-irradiation-induced amorphization of
Zr,Ni and Zr;Al has been carried out. Irradiations were performed at a variety of temperatures on
hydrogen-free and on electrochemically or gaseously charged specimens. An average hydrogen concen-
tration of a few percent was found to substantially alter the amorphization process. In the presence of
hydrogen, the electron dose required to achieve amorphization of the Zr;Al alloy was significantly re-
duced. For Zr,Ni it was found that the upper temperature limit, below which complete amorphization
occurred, was substantially increased. From the experimental results obtained, it is proposed that the
role of hydrogen is primarily to increase the stability of the defective structure rather than to increase,
by secondary displacements, the number of Frenkel pairs.

INTRODUCTION

Recent work by Meng, Koike, Okamoto, and Rehn! on
the amorphization of Zr;Al by electron irradiation has
shown that the presence of hydrogen can reduce the elec-
tron dose required for complete amorphization of the
crystalline lattice. Zr;Al is known to be amorphized by
interstitial hydrogen,? and the primary mechanism for
the enhancement of the electron-irradiation-induced
amorphization process was suggested to be a reduction in
the free-energy difference between the amorphous and
crystalline material due to hydrogen. In the absence of
hydrogen, Zr;Al is difficult to amorphize by electron irra-
diation. The work of Koike, Okamoto, Rehn, and
Meshii® shows that, at 10 K, 26 displacements per atom
(dpa) produces approximately 90% amorphization. At
this displacement level, irradiation at a temperature of
295 K induces partial amorphization, and a rhom-
bohedral distortion of the crystalline lattice. Defects,
typical of radiation damage in elemental metals, were ob-
served at all the temperatures examined and the average
size of the defects was reported to increase as the irradia-
tion temperature was increased. The formation of such
defects is not normally observed in metals which undergo
complete amorphization.

The “critical temperature,” which we define as the
upper temperature for electron-irradiation-induced
amorphization to occur, is not known in the Zr;Al sys-
tem. By contrast, Zr,Ni, in the absence of hydrogen, is
known to amorphize relatively easily and the variation in
the electron dose to amorphization with irradiation tem-
perature has been well characterized.* This system has,
therefore, been examined to investigate the enhancement
of the electron-irradiation-induced amorphization by hy-
drogen, and to determine the effect of hydrogen on the
critical temperature. Further data on the influence of hy-
drogen on the electron-induced amorphization behavior
of the Zr;Al system are also presented.
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EXPERIMENTAL METHODS

Specimens of Zr,Ni were prepared by arc-melting
high-purity Ni with Zr sponge or 99% Zr rod under an
argon atmosphere of 20 Pa. The arc-melting system was
evacuated to a level of 1X10™* Pa prior to repeated
flushing by high-purity Ar to reduce the partial pressure
of contaminant gases. Specimens were overturned and
remelted a minimum of four times to ensure thorough
mixing of the components. The alloys were homogenized
at 1273 K for 48 h under a vacuum of 1X107°> Pa.
Specimens of well-ordered Zr;Al were supplied by Dr. L.
E. Rehn of Argonne National Laboratory.

The structures of the Zr,Ni and Zr;Al specimens were
confirmed using a Rigaku D-Max x-ray diffractometer.
The Zr,Ni specimens were essentially single phase, with
all the 20 peaks corresponding to the C16 structure.>®
The Zr;Al specimen showed a number of diffraction
peaks corresponding to Zr,Al.

Transmission electron microscopy (TEM) specimens,
in the form of 3 mm disks, were punched (Zr;Al) or spark
machined (Zr,Ni) from 250 um slices of the alloys. The
disks were mechanically polished to 9 ym finish prior to
jet polishing in a Tenupol III. Specimens of Zr,Ni were
prepared using a variety of standard acidic electropolish-
ing solutions. In addition, to ascertain that hydrogen ab-
sorption during electropolishing did not influence the
amorphization behavior of the non-hydrogen-charged
specimens, a water-free 0.5M solution of Mg(ClOy), in
methanol’ was used. Similar results were obtained for all
the polishes used, indicating that an insignificant concen-
tration of hydrogen was introduced during electropolish-
ing. Specimens were stored under a vacuum of 107> Pa
prior to irradiation.

Hydrogen was introduced into the Zr,Ni alloys by
cathodic charging for between 60 and 300 s in a 10%
solution of phosphoric acid (H;PO,) in deionized water
at an applied voltage of 3 V. Two different stainless steel
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anodes were used during the cathodic charging pro-
cedure: a large ( ~7 cm diameter) cylindrical anode and a
smaller plate anode (~5 cm?). The shape of the anode
has a significant influence on the distribution of hydrogen
within the specimen. The plate anode will introduce hy-
drogen predominantly on one side of the TEM disk; that
which faces the anode. A cylindrical anode, by contrast,
will introduce hydrogen throughout the surface of the
specimen. At room temperature little hydrogen is lost
from the specimen® and it is probable that minimal
diffusion of the hydrogen occurs in the time frame of the
experiments (2-3 days). An additional specimen was
also prepared by gas-phase-charging an unpolished Zr,Ni
disk in 1 atm of hydrogen at 323 K for approximately
four weeks.

By contrast to the Zr,Ni samples, a significant concen-
tration of hydrogen was introduced into the Zr;Al speci-
mens during electropolishing in a solution of 5% per-
chloric acid in methanol at room temperature. Nominal-
ly hydrogen-free samples were prepared using the same
solution at temperatures of ~220 K.

The hydrogen content of the alloys was determined by
thermal desorption of the hydrogen in a rf furnace and
analysis of the desorbed gases in a Hewlett-Packard
5890A gas chromatograph. Analysis of uncharged speci-
mens of Zr,Ni, polished using an acidic solution,
confirmed that an insignificant amount of hydrogen
(<0.4 at. % H) was absorbed during electropolishing.
Cathodic charging introduced between 2 and 8 at. % H.
The overall hydrogen content of the Zr,Ni alloys was
similar for the specimens charged with either the cylin-
drical or the plate cathode. Thus the primary difference
between the two specimens was the distribution of hydro-
gen, rather than the hydrogen content. The specimen
which had undergone gaseous charging exhibited an
equivalent hydrogen concentration to the cathodically
charged specimens.

A significant concentration of hydrogen (1.5 at. % H)
was introduced in the Zr;Al by electropolishing at room
temperature. The distribution of the hydrogen in this
case is expected to be similar to that for the Zr,Ni speci-
mens charged using a cylindrical anode as the electropol-
ishing occurred on both faces of the 3 mm disk.

Electron irradiations were performed in the Argonne
HVEM Tandem facility® at an accelerating voltage of 1
MeV using a liquid-helium-cooled double-tilt stage. This
permitted the temperature to be varied in the range
10-300 K. A fully focused electron beam was used for
the irradiations, with the dose rate being varied by alter-
ing the size of the condenser aperture. The dose rate
could be varied between 1X 10! and ~1X 10?° electrons
cm 257! using this technique. The beam currents corre-
sponding to these dose rates are approximately 50 and
500 nA, respectively. The increase in the sample temper-
ature due to beam heating was calculated according to
Fisher’s'® formulation and was <5 degrees for a beam
current of 50 nA and about 45 degrees for a beam current
of 500 nA. The same electron-beam currents were used
for irradiations of the hydrogen-charged and hydrogen-
free materials.

The amorphization process was monitored by examin-
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ing the specimen area within the central region of the
electron beam. Photographs of the diffraction patterns
were taken with the condenser overfocused. It was found
that, in some cases, the images showed weak diffraction
spots or intensity variations in the amorphous ring which
were not visible on the fluorescent screen of the micro-
scope. Photographically recorded diffraction pattern im-
ages were, therefore, used exclusively to determine
whether the amorphization reaction was complete.
Formation of a polycrystalline phase during ambient-
temperature irradiation of the Zr,Ni alloys was also mon-
itored at higher resolution by irradiating the specimens,
at room temperature, with 400 keV electrons in a JEOL
4000 EX TEM fitted with an environmental cell.!! No
quantitative dose information was, however, available.

EXPERIMENTAL RESULTS

A. Zr,Ni

The variation in the electron dose required for amorph-
ization with irradiation temperature for the hydrogen-
free Zr,Ni specimens is shown as open squares in Fig. 1.
As shown in this figure, the minimum electron dose re-
quired for complete amorphization was about 7.6X 102!
electrons cm ™2 and is essentially independent of tempera-
ture until a temperature of ~100 K is reached. In this
low-temperature range irradiations which were per-
formed in thicker regions of the specimen required a
larger dose to completely transform to the amorphous
state, or did not completely transform at the minimum
dose (e.g., at 48 K) (an incomplete amorphization is
shown as a diamond in Fig. 1). In this temperature
range, the effect of the dose rate on the total dose to pro-
duce amorphization was small.

As the irradiation temperature was increased (100-160
K) a small, but consistent, increase in the dose required
for complete amorphization was observed. At 160 K the
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FIG. 1. The variation in the electron dose (electrons cm™2)
required for complete amorphization (O1), partial amorphiza-
tion (), and formation of a polycrystalline surface ZrO, (X)
with irradiation temperature for hydrogen-free Zr,Ni.
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minimum dose for amorphization was ~2.5X10%?
electronscm™ 2. Such effects could not be attributed to
changes in the foil thickness. Above 170 K, the electron
dose rate was increased from 1.5X10Y to 5x10"
electronscm ™ 2s™! to reduce the time required for
amorphization. At a temperature of 200 K, a significant
increase in the electron dose required for complete
amorphization was observed, with the value being
~9X10?? electronscm 2. This temperature appears to
mark the “critical temperature” for electron-irradiation-
induced amorphization in hydrogen-free Zr,Ni as it cor-
responds to the temperature above which no amorphiza-
tion was observed, even for electron doses as high as
1.5X 10** electronscm 2 at 220 K.

Above 200 K, irradiation of the alloy induced the for-
mation of a polycrystalline, cubic, ZrO, oxide phase at
the surface of the specimen, shown as the X in Fig. 1.
The typical microstructure induced by the formation of
Zr0, is shown for a 400 keV electron irradiation at 300
K in Fig. 2. The larger oxide particles appear to form
from the coalescence of smaller adjacent particles, the
boundaries of which may still be seen in some of the
larger microcrystals. The grain boundary, present in the
upper region of the figure (arrowed), does not appear to
influence the transformation, with no evidence for
enhanced or decreased production of the oxide phase.
This suggests that the partial pressure of oxygen present
within the HVEM (or JEOL 4000 TEM) during electron
irradiation was responsible for the behavior, rather than
oxygen contamination within the specimen, which would
influence the formation of oxide at the grain boundary.
Further evidence for this was obtained by subjecting the
specimen to a higher level of vacuum (using the environ-
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mental cell facility!! of the TEM) and performing elec-
tron irradiations at 400 kV. In this case no oxide forma-
tion was observed. Additionally, no evidence for an oxide
or for the metastable E9; phase, which is stabilized by
oxygen in many C16 alloys,'”> was found in the x-ray
diffraction data for the unirradiated specimens.

Data shown as open circles in Fig. 3 show the variation
in the dose to complete amorphization with irradiation
temperature for the hydrogen-charged Zr,Ni. The data
shown were obtained from specimens which had under-
gone cathodic charging using a cylindrical anode or had
undergone gas-phase charging. No amorphization due to
the presence of hydrogen was detected in the diffraction
patterns prior to irradiation. For comparison, the
amorphization data obtained for the hydrogen-free ma-
terial are also shown (as open squares) in the figure. It
can be seen that, at temperatures approaching, and
slightly above, the critical temperature for amorphization
in the hydrogen-free material (200 K), the hydrogen-
doped alloys exhibit complete amorphization at generally
lower dose levels than those required for hydrogen-free
Zr,Ni. In some cases, the electron dose required for com-
plete amorphization is as low as that observed for irradia-
tions performed at temperatures of less than 100 K in the
hydrogen-free material. Complete amorphization of the
hydrogen-doped material was observed at temperatures
up to 230 K with partial amorphization (in most cases
very close to complete amorphization) occurring at tem-
peratures as high as 260 K. In these experiments the in-
cidence of the polycrystalline oxide phase was
significantly reduced and, as shown in Fig. 3, the pres-
ence of this phase does not a priori prevent the formation
of the amorphous phase. The increase in the “critical

FIG. 2. Dark-field micro-
graph (formed predominantly
from contributions of the
diffracted beams due to the ox-
ide phase) showing the ZrO, pre-
cipitates. The distribution of the
oxide phase does not appear to
be significantly altered by the
presence of the grain boundary
(arrowed).
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FIG. 3. The variation in the electron dose (electrons cm 2
required for amorphization for hydrogen-charged Zr,Ni (cylin-
drical anode and gaseous charging). Complete amorphization
(0O), partial amorphization (A ), and formation of polycrystal-
line ZrO, (X ). Complete amorphization for the hydrogen-free
Zr,Ni (O).

temperature” is not due to changes in the electron dose
rate (or beam heating effects); hydrogen-free material was
irradiated at 220 K at significantly higher electron dose
rates than the hydrogen-bearing alloy (~7X10!° com-
pared to 1.3X 10" electronscm™2s™! for the hydrogen-
bearing material). Similarly, the differences in the total
electron dose cannot account for the behavior; the
hydrogen-free alloy was irradiated to a total dose of
1.5X10* electronscm ™% compared to as little as
1.5X 102 electrons cm 2 for complete amorphization of
the hydrogen-bearing material. Despite an increase in
the electron dose of more than two orders of magnitude
and a higher dose rate, the uncharged Zr,Ni did not un-
dergo a transformation to the amorphous state at 220 K.
It is possible to provide some measure of the effect of
dose rate and hydrogen content on the amorphization
behavior of the alloys by normalizing the total dose re-
quired for amorphization by the dose rate and comparing
this to the absolute hydrogen concentration. Such a com-
parison is shown in Fig. 4 for irradiations performed at
220 K. Those specimens which underwent complete
amorphization are shown as open circles and the forma-
tion of the polycrystalline oxide phase is shown as a X.
The nominally hydrogen-free sample ( <0.4 at. % H) ex-
hibited no evidence for amorphization (but did show the
formation of ZrO,) at this temperature. The data shown
for the hydrogen-bearing alloys were obtained from those
specimens cathodically charged using the cylindrical
anode and via gas-phase charging. It can be seen from
the figure that for hydrogen concentrations above 2 at. %
the absolute hydrogen content and the dose rate produce
no systematic variation in the amorphization behavior.
Some variability in the electron dose required to produce
complete amorphization is to be expected due to varia-
tions in the thickness of the irradiated region; however, it
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FIG. 4. The variation in the electron dose required for
amorphization (O ), normalized by the dose rate, with the hy-
drogen content of the alloys at an irradiation temperature of
220 K. The formation of the oxide phase is marked by X.

would seem improbable that this would mask any overall
dependence on either the dose rate or the hydrogen con-
tent for the ranges examined. At a hydrogen concentra-
tion of 2 at. % some evidence for the formation of the
polycrystalline oxide phase is found and this suggests, as
will be discussed later, that this hydrogen content is close
to the minimum for any enhancement of the amorphiza-
tion behavior to be observed.

As noted previously, a number of specimens were elec-
trochemically charged with hydrogen using a small plate
anode. In this case the hydrogen, although equivalent in
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FIG. 5. The variation in the electron dose (electrons cm~?)
required for amorphization for hydrogen-changed Zr,Ni (plate
anode). Total amorphization (@), partial amorphization (Q),
and the formation of polycrystalline ZrO; (X). Note the
change in the scale used for the electron dose compared to Figs.
1 and 3.
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concentration to that obtained using the cylindrical
anode, is expected to be concentrated predominantly on
the face of the specimen which faced the anode. The
significance of this alteration in the cathodic charging
geometry can be seen in Fig. 5, where the variation in the
electron dose required to produce amorphization with ir-
radiation temperature is shown for Zr,Ni specimens hy-
drogen charged on one face only. Below a temperature of
200 K the electron dose to amorphization is almost iden-
tical to that for the hydrogen-free material. Above 200 K
there is only a slight indication that the amorphization
behavior is enhanced, with some specimens exhibiting
partial amorphization. None of the specimens, however,
were observed to become completely amorphous at tem-
peratures above 200 K despite the use of dose rates ap-
proaching 1X10%° electronscm™2s™! and irradiation to
much higher dose levels (note the change of scale in Fig.
5) than used to produce complete amorphization of the
Zr,Ni alloy charged with hydrogen on both faces (Fig. 3).
In addition, in all cases, irradiation above 200 K pro-
duced the polycrystalline ZrO, phase, a transformation
which was only observed in a few isolated cases for those
specimens charged with a cylindrical anode.

B. Zr;Al

Though less extensive than the Zr,Ni data, the results
for the Zr;Al alloy showed qualitatively similar features.
Nominally hydrogen-free Zr;Al was irradiated at 22 and
30 K to a maximum dose of 2.5X10% electrons cm 2,
equivalent to ~ 10 displacements per atom. No amorphi-
zation was found at either temperature. Irradiation of
the hydrogen-bearing (1.5 at. % H) Zr;Al at 30 K was
found to produce completely amorphous material at a
dose of 5.5X 10?2 electrons cm ~2 ( ~2.2 dpa). The irradi-
ated areas showed no evidence for amorphization prior to
irradiation, although other areas within the specimen
were completely amorphous due to the presence of hy-
drogen. The large reduction in the electron dose required
for amorphization of the hydrogen-bearing material is
not due to dose rate effects, as a similar electron dose rate
was used throughout. The formation of an oxide phase
was not observed for either material.

DISCUSSION .

The data obtained for the variation in the electron dose
required for amorphization with irradiation temperature
for the hydrogen-free Zr,Ni samples are generally con-
sistent with those obtained by Xu et al.* in this system,
and with molecular dynamics simulations.!*> The present
study shows that on average the electron dose required
for amorphization below 100 K is approximately
7.6X 10! electrons cm ™2 (~0.3 dpa). Between 100 and
160 K the required dose increased to ~2.5X10% elec-
trons cm™2 (~1 dpa). At 200 K, close to the “critical
temperature,” above which amorphization due to elec-
tron irradiation does not occur, the dose required for
amorphization was approximately 9X 1022 electrons
cm ™2, which corresponds to ~3.5 dpa. The data of Xu
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et al.* are equivalent except at 160 K where the required
electron dose was approximately 0.5 dpa. This reduction
in dose appears to arise from the higher electron dose
rate used by Xu et al.* [(1-2)X1073 dpas™! compared
t0 0.5X 1073 dpas™! for the present study]. Similar dose
rate effects have been observed for the CuTi (Ref. 14) and
Zr,(Fe,Ni) (Ref. 15) systems in the equivalent tempera-
ture range. The study by Xu et al.* also showed that an
increase in the electron dose required for amorphization
occurred at 110-120 K, which was attributed to the
recovery of the damaged state by point-defect migration.
Such an analysis is consistent with the effect of electron
dose rate in this temperature range: a higher dose rate
appears to allow a more rapid approach to the amor-
phous state when defect annealing is occurring. The
influence of electron dose rate is found to be insignificant
at low temperature, where recovery does not occur.

The formation of an oxide phase at temperatures above
the “critical temperature” (above which amorphization
does not occur) has not been reported previously for this
alloy, to our knowledge, although Motta, Howe, and
Okamoto'® have reported a similar phase for the alloy
Zr,Fe as the “critical temperature” is approached. Cal-
culations performed using the method of Fisher!® suggest
that it cannot be attributed to electron-beam heating
effects, as the temperature rise, even at the highest dose
rates examined (1X 102 electronscm ™ 2s™!, AT ~45 K),
is insufficient to increase the temperature above 300 K, a
temperature where no oxide formation was observed in
the absence of irradiation. As noted previously, this ox-
ide phase appears to form by reaction of Zr with trace ox-
ygen in the TEM, rather than from internal oxygen con-
tamination of the specimen. If this is correct, the facts
that the oxide is not observed on even quite old speci-
mens which have been stored at room temperature in air,
and that it only forms within the area defined by the elec-
tron beam during irradiation, strongly suggest that it is
due to segregation of Zr to the surface during irradiation.
The surface is know to act as an efficient sink for intersti-
tial atoms in thin-foil TEM specimens and the surface
segregation of Zr would result if Zr forms a mobile inter-
stitial which migrates to the surface. Alternatively, the
Zr could form a stable complex with vacancies which mi-
grate to the surface, resulting in solute (Zr) drag and Zr
segregation at the surface.

The introduction of hydrogen by cathodically charging
specimens of Zr,Ni using a cylindrical anode, or by gas-
phase charging, increased the upper temperature at
which amorphization could be achieved to approximately
260 K (Fig. 3). This increase in the “critical tempera-
ture” may be due to a number of factors: an increase in
the rate of Frenkel pair production, the formation of col-
lision cascades, the direct amorphization by hydrogen, or
the stabilization of the defect structure by the trapping of
lattice defects by hydrogen.

An increase in Frenkel pair defect production can arise
due to the presence of hydrogen. The presence of hydro-
gen solutes allows more effective energy transfer from the
1 MeV electrons to the lattice atoms via an intermediate
hydrogen collision. The maximum energy transfer from
a 1 MeV electron to a hydrogen atom, calculated using a
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relativistic correction for the momentum of the elec-
tron,'” is ~4.3 keV compared to ~47 eV for the energy
transfer to the Zr atoms.

An increase in the “critical temperature” for amorphi-
zation has been observed when the mass of the bombard-
ing particle is increased'>!® due to the formation of dis-
placement cascades. The possibility that displacement
cascades are formed in the presence of hydrogen has been
examined with calculations using the TRIM code,'® which
show that, even at much higher energies than would be
realized with 1 MeV electrons, displacement cascades are
not produced by electron irradiation via collisions with
the hydrogen solutes. Consequently, the formation of
displacement cascades is not expected, and has not been
observed, indicating that the increase in the “critical tem-
perature” is not the result of direct amorphization by col-
lision cascades.

As discussed above, while increased efficiency in the
formation of Frenkel pairs is expected in the presence of
hydrogen, this does not appear to be the primary cause of
the increase in the ‘critical temperature.” This con-
clusion is supported by our observation that the increased
“critical temperature” was not observed in specimens
which were hydrogen charged on only one face, despite
the fact that the average hydrogen concentration was the
same as in specimens charged on both faces and that the
presence of hydrogen did not significantly alter the elec-
tron dose required for complete amorphization at very
low temperature (Fig. 5). In addition, Meng et al.?
showed that the presence of a significantly higher hydro-
gen solute concentration only increased the efficiency of
defect formation by about 40% (in Zr;Al containing 24
at. % hydrogen). At 220 K, hydrogen-free Zr,Ni did not
exhibit amorphization even at doses as high as 59 dpa,
while hydrogen-containing Zr,Ni required only ~0.6
dpa for complete amorphization. This factor of 100 is
much larger than the ~ 1.4 enhancement in defect pro-
duction expected from the presence of hydrogen.

As an alternate explanation of the observations, we
suggest that the primary effect of hydrogen is to stabilize
the defect structure produced by electron irradiation of
the Zr,Ni. Solute hydrogen in Zr,Ni does not cause
amorphization by itself at hydrogen/metal ratios <1.5;°
a concentration far higher than that examined in the
present experiments. The presence of hydrogen can de-
crease the loss of point defects, due to diffusion to the
external surfaces of the TEM specimens, by trapping the
interstitial and/or the vacancy component of the damage.
Several of the experimental observations support this hy-
pothesis. An increase in the ‘“critical temperature” is ob-
served in specimens which have hydrogen introduced
from both surfaces but not in specimens which were
charged from only one surface. In the latter case, while
the defect trapping slows diffusion towards the surface
with the high hydrogen concentration, one of the speci-
men surfaces remains available as a sink for the defects
produced by the irradiation. Additionally, the data
shown in Fig. 4 indicate that there is no dose rate effect in
the presence of hydrogen at an irradiation temperature of
220 K, consistent with the observation* that dose rate
effects are observed only when the irradiation-induced de-
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fects undergo annealing.

Additional evidence for this trapping effect is lent by
the observations made on the formation of the ZrO, at
the surface of the specimens during irradiation. In the
absence of irradiation, no ZrO, formation was observed
even for prolonged exposure to the atmosphere at 300 K.
In the absence of hydrogen, the oxide was consistently
observed during the irradiation (Fig. 1) above the “criti-
cal temperature” (200 K), consistent with defect-induced
migration of Zr to the surface where it can oxidize.
Below the ““critical temperature” no oxide formation was
observed, presumably because the Frenkel defects are re-
tained in the structure and cause the observed amorphi-
zation. In contrast to this behavior, specimens contain-
ing hydrogen introduced from both surfaces (Fig. 3) gen-
erally do not exhibit ZrO, formation even at tempera-
tures well above the “critical temperature” for electron-
irradiation-induced amorphization of the hydrogen-free
Zr,Ni. This is consistent with the trapping of the vacan-
cies and interstitials by hydrogen, thus preventing their
diffusion to the surfaces and the simultaneous drag of the
Zr solute. When the hydrogen is introduced from one
surface only (Fig. 5) the opposite surface remains a sink
for the vacancies and interstitials, and, hence there is no
increase in the ‘‘critical temperature” and solute drag
occurs to that surface, resulting in formation of ZrO, in
all of the specimens irradiated above 200 K.

Formation of the ZrO, occurs only in the irradiated
areas under conditions where the surface can act as a sink
for the point defects, consistent with solute drag by the
diffusing point defects, or with Zr being the dominant in-
terstitial defect. The absence of ZrO, formation in speci-
mens hydrogen charged from both surfaces is clear evi-
dence for the trapping by hydrogen of the defects which
cause Zr segregation at the surface.

The observed behavior is also consistent with experi-
mental data for hydrogen diffusion in Zr,Ni,*?° which in-
dicate that the onset of long-ranged diffusion occurs at
temperatures between 250 and 290 K. This corresponds
to temperatures above which hydrogen no longer appears
to enhance the amorphization behavior; possibly because
hydrogen can no longer effectively trap the defects when
it becomes mobile.

Although harder to quantify than the Zr,Ni data, the
results obtained for the Zr;Al system are qualitatively
similar in many respects: the introduction of hydrogen
into the alloy lattice during electropolishing significantly
enhances the production of the amorphous phase by elec-
tron irradiation. The present study shows that, at 30 K,
a hydrogen concentration of 1.5 at % reduces the elec-
tron dose required for complete amorphization to 2.2
dpa. Meng et al.! have reported similar findings: a hy-
drogen to metal atom ratio of 0.24 (24 at. %) decreased
the electron dose required for amorphization at 10 K by a
factor of more than 20: a dose of 26 dpa was required to
produce approximately 90% amorphization of the
hydrogen-free material, while complete amorphization
was achieved at a dose of ~1 dpa for the hydrogen-
bearing alloy. The similarity in the electron dose re-
quired for amorphization in this study and in that of
Meng et al.! (despite the large variation in the hydrogen
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concentration) is consistent with the trapping of the point
defects by hydrogen, as discussed for the Zr,Ni data.
The reduction in the electron dose required for amorphi-
zation for Zr;Al due to the presence of hydrogen is sub-
stantial; a factor of about 26. As discussed above, this
large effect is not consistent with the relatively small in-
crease in the efficiency of Frenkel defect formation due to
the presence of 24 at. % hydrogen; a factor of 1.4.

It is not possible to determine, from the present results,
whether the presence of hydrogen reduces the dose to
amorphization at temperatures well below the “critical
temperature” for Zr,Ni. However, the electron dose re-
quired for amorphization at 220 K for the hydrogen-
bearing alloy is similar to that for the hydrogen-free ma-
terial at 160 K, which suggests that the dose required for
complete amorphization of the Zr,Ni is relatively con-
stant, except at temperatures close to the respective ‘“crit-
ical temperatures.” Such an interpretation is consistent
with the proposition that the effect of hydrogen on
amorphization is that it decreases the annealing of point
defects in the temperature range where they would nor-
mally anneal out (7 ~150-200 K in hydrogen-free
Zr1,Ni).

In Zr;Al hydrogen does appear to decrease the elec-
tron dose required for amorphization at 10 K, implying
that point defects anneal out at this temperature. By
analogy with the results for the Zr,Ni system, this may
indicate that this temperature (10 K) is close to the “criti-
cal temperature” for amorphization of Zr;Al. Although
appreciable recovery at such low temperatures appears
rather anomalous, Koike et al. noted the presence of de-
fects within the irradiated microstructure of the
hydrogen-free material at 10 K and suggest that such de-
fects are indicative of point-defect motion, and hence
recovery. Indeed the formation of such defects is not
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normally noted in materials which become amorphous,
and as noted by Meng et al.! were not observed in
hydrogen-bearing Zr;Al prior to amorphization, con-
sistent with hydrogen trapping the point defects.

CONCLUSIONS

We have examined the influence of hydrogen on the
electron-irradiation-induced amorphization of Zr,Ni and
Zr;Al and have shown that hydrogen solutes can
significantly increase the upper temperature at which
electron-irradiation-induced amorphization is possible.
For irradiations performed at temperatures close to the
“critical temperature” at which amorphization is possible
in hydrogen-free material, the presence of hydrogen
significantly reduces the dose required to produce com-
plete amorphization. By altering the distribution of hy-
drogen in the Zr,Ni specimens it has been shown that the
primary role of hydrogen is to extend to higher tempera-
tures the temperature range over which the point-defect
population is stable. The results indicate that hydrogen
acts to trap the point defects produced by electron dam-
age in these intermetallic alloys.
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FIG. 2. Dark-field micro-
graph (formed predominantly
from contributions of the
diffracted beams due to the ox-
ide phase) showing the ZrO, pre-
cipitates. The distribution of the
oxide phase does not appear to
be significantly altered by the
presence of the grain boundary
(arrowed).



