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Abstract

Three intermetallic compounds in the Ni-Zr system were irradiated with 1 MeV electrons in a high-voltage
electron microscope over the temperature range 10-200 K. All three compounds were amorphized by the electron
irradiation with varying degrees of amorphization tendency and different critical temperatures. The critical dose
at 10 K and the critical temperature for amorphization were 0.22 displacements per atom (d.p.a.) and 200 K,
0.37 d.p.a and 100 K and 3.18 d.p.a. and 50 K for NiZr,, NiZr and Ni;Zr respectively. The critical dose increases
from NiZr, to Ni,Zr at all the irradiation temperatures investigated. The difference in enthalpy between the
amorphous and crystalline states of these compounds, which was estimated from the Debye temperature ratio
between the amorphous and crystalline states of each compound, also increases from NiZr, to NiyZr. The large
difference in the critical temperature of the three compounds is noteworthy, suggesting that the mobility of the
point defects which are responsible for restoring the chemical order is substantially different for these compounds.

1. Introduction

The crystalline to amorphous (c~a) transition occurs
in many metallic materials by a variety of solid state
amorphization reactions (SSAR), such as irradiation
by high-energy particles [1-3], hydrogenation [4] and
mechanical alloying and annealing of multilayer thin
films [5-7]. High-energy electron irradiation has been
used extensively to study amorphization of intermetallic
compounds by many researchers [3, 9-19). When ir-
radiation is carried out in a high-voltage electron mi-
croscope (HVEM), the structural change preceding the
amorphization can be monitored conveniently by elec-
tron microscopy and diffraction. The structural change
due to electron irradiation is well understood and is
also readily examined by numerical calculations with
good reliability. Therefore the electron-irradiation-in-
duced c-a transition is well suited to study the mech-
anisms involved in solid state amorphization in a quan-
titative manner.

Efforts have been made to determine the criteria
responsible for the c-a transition of intermetallic com-
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pounds irradiated by high-energy particles [8, 11-14].
The c-a transition of intermetallic compounds on ir-
radiation has been examined by investigating many
properties of the compounds, such as the solubility
range, ordering energy, the composition ratio of its
constituent elements, crystal structure, the relative po-
sition of constituent elements in the periodic table, etc.
These factors are related to the increase in enthalpy
due to irradiation effects in the crystalline state. Al-
though a general trend exists between these properties
and the amorphization tendency, further refinement is
clearly needed. In addition, some incorrect conclusions
have been obtained because the experiments have often
been confined to higher temperature ranges. This is
especially true for electron irradiation, in which nearly
all point defects produced are isolated and are therefore
more likely to be mobile at the irradiation temperatures,
in comparison with point defect clusters produced by
heavy ion irradiation. Compounds irradiated above the
critical temperature for amorphization have been mis-
labeled as “not amorphizing”. As will be shown in the
present study, the presence of the critical temperature
for amorphization below the temperature range ob-
tainable by a liquid-nitrogen-cooling stage indicates that
a careful re-evaluation is necessary to determine which
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intermetallic compounds can be amorphized by electron
irradiation.

In addition to the enthalpy increase due to irradiation,
the enthalpy difference between the amorphous and
crystalline states must also be included in a consideration
of the amorphization tendency. As the enthalpy increase
due to irradiation must exceed the enthalpy difference,
the smaller the difference, the easier the amorphization
of a compound becomes. As the value of the enthalpy
difference between the two states is not widely available
in the literature, it was suggested that the enthalpy
difference can be estimated from the Debye temper-
atures of a compound at two states [3]. The relationship
between the Debye temperature 6, and the enthalpy
difference AH, is given as

AHc=Lc[1—(0ia)/0i:))2] (1)

where L denotes the heat of fusion and the superscripts
“a” and “c” indicate the amorphous and crystalline
states respectively. The heat of fusion L, can be related
to the Debye temperature and mass M according to

the equation proposed by Lindemann[20]
L.=kM(6%)? (2

where k is simply a proportionality constant. Since
Debye temperatures have been determined for the two
states at various compositions of the Ni-Zr binary system
[21-25], we have chosen three compounds of this system
(NiZr,, NiZr and Ni,Zr) to examine the relation between
the amorphization tendency and the Debye tempera-
tures. The results indicate good correlation, i.e. the
amorphization tendency increases in the order
Ni;Zr <NiZr <NiZr,, and the ratio of the Debye tem-
peratures between the amorphous and crystalline states
increases in the same order.

2. Experimental details

Alloy buttons of NiZr,, NiZr and Ni,Zr were arc
melted and then annealed approximately 50 K below
their melting temperatures for 10 days to allow the
compounds to become fully ordered in structure and
homogeneous in composition. Samples for high-voltage
electron microscopy were prepared by conventional jet
polishing in a methanol-HClO, acid solution. The av-
erage grain size of these samples was in the range
20-100 um depending on the compounds. Therefore
a number of irradiation experiments can be performed
within a single grain. The irradiation was carried out
in situ with 1 MeV electrons in a HVEM from 10 K
to the critical temperatures above which the amor-
phization of the corresponding compounds cannot take
place. In order to keep the important experimental
factors, such as thickness and orientation, constant, all

irradiations for the determination of the temperature
dependence of the critical dose for amorphization of
the compounds were carried out using the same bend
contour and at positions which were the same distance
away from the edge of a hole. A fully focused electron
beam, with a gaussian distribution (peak dose rate,
(1-2)x107* displacements per atom (d.p.a.) s™') was
used for all irradiations. In order to keep the dose
rate as constant as possible, a specimen was irradiated
for an appropriate time, according to the gaussian beam
profile, so that the actual dose rate was nearly the
same for all irradiations for the critical dose deter-
mination of an intermetallic compound. The method
of determining the critical dose of each compound at
a certain temperature has been described elsewhere
[17]. For the calculation of the critical dose in d.p.a.,
the cross-sections oy;=54.88 barns for pure Ni and
0z.=31.87 barns for pure Zr, with threshold energies
of T,=20.7 eV and Ty=25 eV respectively, were as-
sumed according to Oen’s table [26]. The total cross-
sections Oy (= CniOwi+ Cz 07,) for the intermetallic
compounds NiZr,, NiZr and Ni;Zr were taken as the
weighted average values of the cross-sections for pure
Ni and Zr atoms.

3. Experimental results

The three compounds NIZr,, NiZr and Ni,Zr were
irradiated by 1 MeV electrons at 10 K and were found
to be amorphized with varying critical doses. The ir-
radiation was then carried out at successfully higher
temperatures to establish the temperature dependence
of the critical dose and the critical temperature for
amorphization for each compound.

Figures 1(A)-1(F) are typical examples of a series
of micrographs and corresponding selected area dif-
fraction (SAD) patterns, showing the progressive amor-
phization process of the intermetallic compound NiZr,
irradiated by 1 MeV electrons at 60 K. In order to
measure the long-range order parameter S and the
critical dose @, at a certain temperature, the specimen
was tilted to a specific orientation to produce a systematic
diffraction row which consists of the superlattice and
fundamental spots in the SAD patterns and the cor-
responding single thick bend contour in the micrographs
((xx0) systematic diffraction row and (xxo) bend contour
as shown in Fig. 1).

Before irradiation, there is a well-defined bend con-
tour in the micrograph and strong (110) diffraction
spot coexisting with (220) diffraction spot in the SAD
pattern (Fig. 1(A)). After irradiation to a dose of 0.115
d.p.a., the bend contour becomes narrower, the ratio
of the intensity of the (110) spot to that of the (220)
spot decreases and a faint amorphous halo appears
simultaneously (Fig. 1(B)). This indicates that chemical
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Fig. 1. Series of micrographs and corresponding selected area
diffraction patterns showing the amorphization process of NiZr,
irradiated by 1 MeV electrons at 60 K. The doses (determined
at the center of the beam) were 0, 0.115, 0.141, 0.179, 0.217 and
0.307 d.p.a. for (A), (B), (C), (D), (E) and (F) respectively.

disordering has taken place and amorphization has
started to occur. Further irradiation produces more
chemical disorder, since the intensity ratio of these two
spots decreases with the decrease of Bragg-Williams
long range order (LRO) parameters, as confirmed by
the structure factor calculation at 0.141 d.p.a. (Fig.
1(C)), almost complete chemical disorder at 0.179 d.p.a.
(Fig. 1(D)) and complete chemical disorder at 0.217
d.p.a. (Fig. 1(E)), as indicated by the progressive de-
crease in the ratio of the intensity of the (110) spot
to that of the (220) spot and the final disappearance
of the (110) spot (Figs. 1(B)-1(F)). At the same time,
the amorphous volume fraction increases and, finally,
complete amorphization takes place, demonstrated by
the progressive increase in the intensity of amorphous
haloes and the final replacement of all crystal spots
by fully diffuse amorphous haloes (Figs. 1(B)-1(F)).
The continuous decrease in chemical ordering to zero
and increase in amorphous volume fraction to unity
are also implied by the fact that the bend contour
becomes thinner and thinner and finally is interrupted
by electron irradiation in the center region (Figs.
1(A)-1(F)). By measuring the distance between the
ends of the interrupted bend contour in Fig. 1(F) and

using the gaussian beam profile, it was found that the
critical dose for complete amorphization of the com-
pound NiZr, is 0.246 d.p.a. at 60 K. The other two
compounds NiZr and Ni;Zr demonstrate similar amor-
phization behavior on electron irradiation.

Similar experiments were carried out at various tem-
peratures in NiZr,, NiZr and Ni,Zr and the experimental
results are summarized in Fig. 2, in which the critical
doses are plotted against the irradiation temperatures
for all three compounds. It can be seen in Fig. 2 that
the three compounds show similar temperature de-
pendences. The critical dose is smallest at low tem-
perature, remains constant over a certain temperature
range and then increases gradually at first and finally
very rapidly with temperature. The critical temperature
for amorphization is defined as the temperature above
which no complete amorphization can be confirmed
(no interruption in a bend contour) for extended ir-
radiation and is about 50, 100 and 200 K for NiyZr,
NiZr and NiZr, respectively. The critical doses for
amorphization at 10 K are found to be 3.18, 0.37 and
0.22 d.p.a. respectively.

It is not apparent in Fig. 2 that there are small
recovery steps between 10 K and the critical temper-
ature. The critical dose is replotted with an enlarged
vertical scale in Fig. 3 where the step between 40 and
50 K for NiZr and the step between 110 and 120 K
for NiZr, are clearly seen. In addition, there may be
another step (or steps) between 40 and 70 K for NiZr,.
The observation of a small recovery step has been
reported previously in CuTi [17-19]. The experimental
data are summarized together with other properties of
the compounds NiZr,, NiZr and Ni;Zr in Table 1.
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Fig. 2. Critical dose for amorphization vs. irradiation temperature
for Ni;Zr (#), NiZr (W) and NiZr, (@).
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Fig. 3. Critical dose for amorphization vs. irradiation temperature
for NiZr (a) and NiZr, (b). The scale for the critical dose is
magnified so that a small recovery stage can be seen between
40 and 50 K for NiZr and between 110 and 120 K for NiZr,.

4. Discussion

The critical dose for amorphization at 10 K represents
the amorphization tendency of an intermetallic com-
pound on irradiation, provided that no thermal migration
of the irradiation-induced point defects takes place.
Since the critical dose for amorphization remains con-
stant at low temperatures in the three compounds

examined here and in CuTi [3, 17, 19], it is reasonable
to assume that no point defect migration takes place
in this temperature range and that the steps found
above this range represent recovery stages due to ther-
mal migration of point defects. The results show that
NiZr, is amorphized with the lowest dose of irradiation,
suggesting that it has the highest tendency to become
amorphous. Therefore it is expected that the enthalpy
difference between the amorphous and crystalline states
is smallest in NiZr,. The enthalpy difference should
be largest in Ni,Zr and intermediate in NiZr. The
values of the enthalpy difference can be estimated from
the Debye temperatures for the amorphous and crys-
talline states of the intermetallic compound according
to eqn. (1).

The determination of the Debye temperatures has
been carried out extensively in both the amorphous
and crystalline states at various compositions in the
Ni-Zr system [21-25] as shown in Fig. 4. The Debye
temperature decreases from pure Zr to NiZr, and then
increases to pure Ni in the crystalline state. In the
amorphous state the Debye temperature increases lin-
early with Ni content. Therefore the Debye temperatures
for the two states are closest for NiZr, and furthest
apart for Ni;Zr. Consequently, the enthalpy difference,
as shown in Table 1, is smallest for NiZr, and largest
for Ni,Zr. This is consistent with the observation that
NiZr, is amorphized with the smallest critical dose and
Ni,Zr with the largest dose.

NiZr exhibits the highest probability of replacement
of Ni-Zr bonds with Ni-Ni and Zr-Zr bonds by a unit
replacement of atoms as it is at the equiatomic com-
position and Ni;Zr exhibits the lowest probability.
Therefore the enthalpy increase by disordering per unit
displacement is expected to be largest for NiZr and
smallest for Ni;Zr. This drives the critical dose of NiZr
to a lower value and that of Ni,Zr to a higher value.
At the same time, considering the low critical tem-
perature for amorphization of this compound, it cannot
be ruled out that a recovery mechanism operates in
Ni;Zr even at the lowest temperatures. The measure-
ment of the long-range order parameter S showed that
the final S value prior to amorphization is zero for

TABLE 1. Debye temperatures for amorphous and crystalline states (63 and 6p) relative enthalpy difference (AH.), critical dose
for amorphization (&.), temperature for recovery stage, (T,) and critical temperature for amorphization (T;) for NiZr,, NiZr and

Ni,Zr

Compound 63 (K) o (K) (05/05)* Relative &, at 10 K Tw (K) T. (K)
AH, (d.p.a.)

NiZr, 190 217 0.767 1.00 0.22 120 200

NiZr 208 269 0.598 2.47 0.37 50 100

Ni;Zr 229 346 0.438 5.10 3.18 ? 50
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Fig. 4. Debye temperatures for amorphous and crystalline states
vs. composition in the Ni-Zr system: B, amorphous [23]; O,
amorphous [24, 25]; @, crystalline [22].

Ni;Zr, and about 0.4 for NiZr, and NiZr. After complete
chemical disordering, further irradiation has to be car-
ried out for amorphizing Ni,Zr; indicating that the
accumulation of point defects is necessary to trigger
amorphization in this compound. The need for extra
point defects also drives the critical dose for amor-
phization of Ni;Zr to a higher value. The trend indicated
in Fig. 2 and Table 1 appears to be in good agreement
with these assessments. A more detailed analysis will
be reported in the future in conjunction with the
measurement of the disorder kinetics.

It is interesting to note that the critical temperature
for amorphization differs significantly between the three
intermetallic compounds. This observation is contrary
to the finding in the Cu-Ti system in which the critical
temperature for amorphization by electron irradiation
was determined for several intermetallic compounds
and was found to be similar [3, 12]. If the same point
defect migration mechanism controls the critical tem-
perature, a fourfold difference in the activation energies
of NiZr, and Ni;Zr is expected. It was suggested
previously [3, 16-19] that the migration of lattice va-
cancies efficiently reorders the atomic arrangement.
Further investigation, in particular numerical calcula-
tions with molecular dynamics simulation, is desirable
in this regard.

Acknowledgments

This work was supported by grant DMR-8802847
from the National Science Foundation and contract W-
31-109-Eng, B.E.S. Materials Science, US Department
of Energy.

References

J. Bloch, J. Nucl. Mater., 6 (1962) 203.
G. J. C. Carpenter and E. M. Schulson, J. Nucl. Mater., 23
(1978) 180.

3 P. R. Okamoto and M. Meshii, in H. Wiedersich and M.
Meshii (eds.), Science of Advanced Materials, American Society
for Metals, Metals Park, OH, 1990, p. 33.

4 W. J. Meng, P. F. Okamoto, L. J. Thompson, B. J. Kestle
and L. E. Rehn, Appl. Phys. Lett, 53 (1988) 1820.

5 W. L. Johnson, Mater. Sci., 30 (1986) 81.

6 R. B. Schwarz and W. L. Johnson, J. Less-Common Met.,
140 (1988) 1.

7 R.B. Schwarz, J. B. Rubin and T. J. Tiainen, in H. Wiedersich
and M. Meshii (eds.), Science of Advanced Materials, American
Society for Metals, Metals Park, OH, 1989, p. 1.

8 J. L. Brimhall, H. E. Kissinger and L. A. Charlot, Radiat.
Effects, 77 (1983) 273.

9 G. Thomas, H. Mori, H. Fujita and R. Sinclair, Scr. Metall.,
16 (1982) 589.

10 H. Mori and H. Fujita, Jpn. J. Appl. Phys., 21 (1982) L494.

11 H. Mori, H. Fujita, M. Tendo and M. Fujita, Scr. Metall.,
18 (1984) 783.

12 D. E. Luzzi and M. Meshii, Res. Mechanica, 21 (1987) 207.

13 D. E. Luzzi and M. Meshii, Scr. Metall,, 20 (1986) 943.

14 G. B. Xu, M. Meshii and P. R. Okamoto in G. W. Bailey

(ed.), Proc. 49th Annual Meeting of Electron Microscopy Society
of America, 1991 San Jose, CA, San Francisco Press, 1991,
p. 908.

15 D. E. Luzzi and M. Meshii, Scr. Metall,, 19 (1985) 897.

16 D. E. Luzzi and M. Meshii, Acta Metall., 34 (1986) 629.

17 G. B. Xu, J. Koike, M. Meshii and P. R. Okamoto, in G.
W. Bailey (ed.), Proc. 47th Annual Meeting of Electron Mi-
croscopy Society of America, 1989 San Antonio, TX, San
Francisco Press, 1989, p. 658.

18 J. Koike, D. E. Luzzi, M. Meshii and P. R. Okamoto, Mater.
Res. Soc. Symp. Proc., 74 (1987) 425.

19 J. Koike, Ph.D. Dissertation, Northwestern University, 1989.

20 A. Lindemann, Z. Phys., 11 (1910) 609.

21 A. Amamou, R. Kuentzler, Y. Dossmann, P. Forey, J. L.
Glimois and J. L. Feron, J. Phys. F, 12 (1982) 2509.

22 R. Kuentzler, J. Phys. F, 14 (1984) L79.

23 D. G. Onn, L. Q. Wang, Y. Obi and K. Fukamichi, Solid
State Commun., 46 (1983) 37.

24 M. Matsuura and U. Mizutani, J. Phys. F, 16 (1986) L183.

25 S. Kanemaki, O. Takehira, K. Fukamichi and U. Mizutani,
J. Phys. Condensed Matter., 1 (1989) 5903.

26 O. S. Oen, Cross-sections for atomic displacement in solids

by fast electrons, Rep. No. 4897, Oak Ridge National Lab-

oratory, 1973.

N =



