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Introduction

on the basis of alloy chemical factors found to be active in metallic
glass formation there was reason to expect that binary alloys consisting of one
or more of the actinide metals Th, U, Np and Pu on the one side and suitable
addition elements such as transition metals (M) from the V, Cr, Mn, Fe, Co, and
Ni groups on the other would f~rm glasses upon rapid quenching from the melt at
moderately high cooling rates. The previously reported metalllc glasses con-
taining Th, such as Th-Fe,2 and glasses rich in U , such as U-Cr and U-V3 provided
examples for this family of amorphous metals. More recently metallic glasses
have been prepared in thirteen additional actini~e alloy systems, among them the
first ones to be reported that contain Np or Pu. In that report, nearest neigh-
bor distances deduced from XRD patterns were given and factors active in actin~de
glass formation were discussed. Glass formation in alloys of U, Np and Pu was
ascribed” to the~low melting points Tm of these elements (compared to their
boiling points); the low Tm in turn are thought to be related to the f-electron
bonding present in these metals.6 It was also obse~ed” that metallic glasses

conttiinj.ngU form more readily than the corresponding Pu glasses; this difference
was ascribed to the,lower concentrations of M at the eutectic compositions in the
Pu-M alloy systems.

In the present paper the results of a preparative and calorimetric study
forming part of a continuing investigation of the new actinide glasses are
reported. Specifically, lower bounds for the composition limits of glass forma-
tion (G.F.) at moderate cooling rates have been obtained for the U-M (M = Mn, Fe,
Co, Ni) systems and the thermal stabilities of glasses in these four systems as
well as for a U-V glass and a U-Cr glass have been surveyed.

The. four U-M phase diagrams for M - Mn, Fe, Co, and Ni are quite similar
to each other; all contain peritectically melting U6M phases on the U-rich side
and relatively more stable, congruently melting Laves phases UN2 on the M-rich
aide; in addition, the U-Co and U-Ni systems contain additional phases such ~s
UCO and il~~;,respectively, in the central composition range which is of inter-
est here. The U-V and U-Cr systems arc simpler; their constitution diagrams
show eutect.icsformed by y-U and V or Cr, respectively.’

Experimental Methods

The preparative techniques used have bean discussed in Ref. 4; they in-
cluded arc-melting and arc furnace quenching in glove box systems, followed by
XRD examination (Cu Ka radiation) andDSC studie6 in a Perkin-Elmer DSC-2 calori-
meter, carried out at 40 K/rein. Some glass transitions were tentatively identi-

.



fled; their t~mperatures were obtained by the onset method rather than the L -
point me~hod.

xRD studies of the alloys after various stages of heat treating in the
DSC unit have been delayed by the need for precautions req~ired in the handling
of samples prepared and treated in radioactively “L-L” -- ‘------ ,—-.----—-..-1.

studies aze in progress.

Results

Table 1 lists the structures of the rapidly
effects observed; the latter are plotted for the four syst~as U-M with M = Mn,
Fe, Co, and Ni in Fig. 1.

noc equ:?uknr; nowever, sucn

quenched alloys and the thermal

Class Forming Ranges

Table 1 shows that the U-rich limit of the region of easy G.F. for the
U-Mn and U-Fe systems is at < 20 at.pet. Mn and Fe, respectively; for the U-Co
and U-Ni systems the U-rich limit is between 20 and 27 at.[:ct.Co and Ni, res-
pectively. (However, a small amount of amorphous material sufficient to obtain
thermal data was also retained at 20 at.pet. CO or Ni.) ‘lTi:e upper limits of the
region of easy G.F. lie above 35.3 at.pet. Mn and 40 at.pc~. Fe, Co, and Ni,
respectively. For the remaining two systems, U-V and u-Crl glass formation had
been reported to occur between 20 and 40 at.pet. V and Cr;J however, in the pre-
sent study the alloy at 27 at.pet. V was found to contain cnly small amounts
of glass. The alloy at 27 at.pet. Cr was amorphous; as re~~rted. In several
of the alloys which were not completely amorphous (Table I;, crystalline phases
were found that were not among the known equilibrium phase::;it would be of
interest to identify these along with any transition phase? forming fn the course
of the crystallization of the glasses. In the U-Fe and U-CO systems, metastable
extensions of the intermediate UGM phases (M = Fe, Co) wer(. found, indicating
metastable composition ranges of these phases of 36 at.pet. M, up to >20 at.pet.
M.

Thermal Data Given by Sy8te&

The most important results of the present work conceun the thermal stabili-
ties of the glasses in the seven binary U alloy systems stl~ied. In the number
of exothermic effects and the composition dependence of the Tc vi~lues, the U-Fe
and U-Co glasses shaw very similar behavior; the U-Mn and U-Ni systems~ however,
have uhermal characteristics different from those of the otier two. For the
system:~U-V and U-Cr in which only one composition has been sttidiedto dates the
thermal characteristics are again similar. We briefly discuss these systems,
following their order in the periodic table.

For [10T3V.ZTand Uo73Cr.27, there are single strong
swmably correspond to the reaction: glass + a-U + M (M =

with the absence of Intenned’ate phases in these systems.
U.79V .zTalloy also contains a large amount of metastable
transformation of Y may be involved in this reaction.

exotherms, which pre-
V, Cr), in accordance
As the quenched

y-U(V) solid solution, ‘

The U-Mn alloys show two major exotherms: the first one, Tel, occurs
between 578 and 605 K with no clear composition dependence; the second, Tcz,
occlrs at temperatures which increase rapidly with increasing Nn content.

Both the U-Fe and U-Co systems show single exotherms for the more U-rich
glasses and double exothenns for the glssses less rich in U; as observed fre-

9 ’10 there aro continuous transitions between both regimes, ‘quently in such cases,
occurring approximc3telyat U.6TFe.33 and u.73co,27v respectively. In the U-Co
ayatcm there are, in addition, weak exotherms at 20 and 27 nt-nrt I%



Beside the exotherms, endotherm were seen for the U.T3Fe.zT and U.6TC0.33
glasses; however, additional study will be required to distinguish whether the-s
endotherm correspond tc glass transitions or whether they are artifacts relatd
to possible exothermic relaxation effects occurring at lower temperatures.

The U-Ni glasses ware characterized by double and, az lower U contmcs,
triple crystallization effects. As the alloy Um80Ni.20 was largely crystalline,
the data collected for this alloy (Table 1) are not included in Fig. 1.

Discussion

Composition Dependence of Thermal Stability

In three of the four systems where comparisons of di~ferent ~ompositions
were possible (U-Fe, U-Co, and U-Ni), the thermal stabilities increase with
increasing contents of the alloying elements M ; only for U+n tunepresent data
are inconclusive in this regard. The results for the three systems are in lin
with observations on many binary metal-metall”’ll and metal-metallo;;
glasses,g’ll where the thermal stability generally increases ~ith incre.lsl;l~
contents of the component having the smaller size and hieher elastic constants.

Further, the U-Fe and U-CO systems permit an extrapolation of the crystal-
lization temperature to unalloyed uranium, obtained as TC(U)’~530 * 20 K. This
value, however, would apply only for a hypothetical U glass with a structure
comparable to those of the binary U-M glasses.

Dependence of Thermal Stability on Alloying Element M

Perhaps ~he most interesting result contained in the present data concern3
the change of ‘Iclwith M. The Tcl for U,73MQ27 glasses are presented In Fig. 2.
The curve shows a stability maximum for glasses with M = Cr and a minimum for
glasses with M o Fe and Co.

It is of interest to try to f~nd correlations of th~ thermal stability (a)
with other properties of the glas:~itself, (b) the phase uiagra-1,and (c) prop-
erties of the alloying elements M, the latter especially with a view toward
finding relations having a predictive quality. However, the existence nf such
correlations is uncertain for crystallization temperatures, as the crystalliza-
tion products change discontinuously from system to systerc. (As pointed Out,a”z
such correlations are more likely to exist for glass transition temperatures;
however, it is not clear whether Tg data can be collected fo= actinide glasses,
see above.)

We review the correlations of types (a) - (c) which were obtained for the
present data on U glasses. As *O (a), other property measurements, e.g. elastic
moduli, are not yet available for the U glasses. Regarding (b), phase diagram
features, the best-fitting correlation seen in analogous families of glass
forming systems (such as those containing Cal” or refractory metalsL3) ~S that
between Tcl and TE, the lowest eutectic temperature in the glass forming rf2giOn;

a straight line rel~tion with a ratio Tcl/TE %0.56 has been observed in such
systems. While the crystallization temperatures for M = Fe, Co, and Ni lie
clcse to this line (see the values for Tcl/TE given in Table 1), for the
U.73Cr.27 glass and tileU.T31’h.27glass (by intcrpolation)Tc lies above the
etraight line and for the U.73V.27 glass Tc lies below it.

The positive departure of Tc for the U-Cr glase from the straight line is
probably related to the low TE of U-Cr alloys relative to the melting point of
Cr; the low TE is primariJ.ydue to the absence of the Intermetalllc phases common
to the other U-M systems with M o Mn, Fe, Co nnd Ni. [We comment parenthetically
that the hi~h Tr ond low TE of U-Mn Comhlne i.. ~w-J---- ‘-



interval TE-TC for allOYS near the eutectic composition, thus providing a ratio-
nale for the observed, rather good C.F. ability of u-m. glasses.] The negative
departure of T= for the U-V glass fron the straight line, on the other hand, may
be due to a too large value for the TE which is due to the extensive solid
volubility of V in Y-lJ,as compared to the other U systezs. This solid volubil-
ity is made possible by the relatively small size difference between U and V.

As to (c), correlations of Tcl with elemental properties, a correlation of
Tcl with elastic constants of the constituents and_the acanic vo~ume of M was
tentatively identified. Figure 2 shows a plot of E “ V~, where E is the average
of the Young’s moduli of the constituents and VH Is the at?mic volume of M. [The
VM used here are those appropria~e for the transition elements M = Mn, Fe, CO,
and Ni in dilute solutions or in intermetallic phases with a low content of these
M metals; ~kthese VM differ from the elemental values which contain magnetic con-
tributions. 1“

Both sets of points plotted in Fig: 2 are si~ilar in their overall cha~ge
with M, suggesting a relationship between Tcl and E ● VM. However, while there is
reason to expect some such relationship to exist,15 the origin of the expression
=,- ● VM found to be usable here is not clear; this relation may not be confirmed
if further data are considered and can therefore not be generalized at this time.

Conclusions

The ease of glass formation in actinide.alloy systems suggests that com-
parative studies extending that reported here and including mechanical properties
will be fruitful in leading to an under~.tandingei the factors active in this
particular category of metallic glasses.
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Table 1

Results ,~fJ)ifferentialScanning Calorimetry of Arc-Quenched U-M (M = V, Cr, Mn, Fe, Co, and Ni)
(Heating rate ~= 40 K/rein)

Composition Structure after Equilibrium Exothermic Effects (K) and Est. AH Endothermic TE-TC TE ~c~/T~
(at.pet. M) Arc-Quenchinga Structure (% of total AHcvst.) Effect (K)

1. 2. 3. (Tentative)
(K) (K)

27 V y-U s.s.+A.M.(minor) y-u+v
+ c2-U(?)(minor)

27 Cr A.M. y-U+Cr

20 MrL A.M.+U-U+U&n(trace) U.Mn+UMn2
25.5 Mn A.M.+U6Mn(?)+U.P.(trace) “
30 Mn A.M.+U.P.(trace) II

35.3 Mn A.M.+U.P.(trace) II

20 Fe
27 Fe
33 Fe
40 Fe

20 co
27 Co
33 co
40 co

20 Ni

27 IJi
33 Ni

40 Ni

A.M.+u6~e S.S. (IUiIIOr) u6~*uFe2
A.M.+u6Fe S.S.(miIICW) 11

A.hf.+U61?e S.S.(traCe)
II

A.M.+LJ.P.(trace) II

u6c0 s.s.+A.M.(minor) UGth+UCO
A.M.+UGCO s.s.(trace) II

A.M.+U.P. rl

A.M.+U.P. II

u-U+U.P.(trace)+ u6Ni+uN~
A.M.(trace)

A.M.+a-U(minor) fr

A.M.+U.P.(trace) II

A.M.+U.P.(minor) II

658 (100); -

684 (100); -

578 (24):; 642 (76):; -
605 (46)b; 695 (54)b; -
605 (75)b; 677 (25)b; -
593 (50) ; 745 (50) ; -

553 (loo); -
560 (100); -
566 (100); - -
560 (32); 584 (68); -

545 (85); 575 (5) ; 585 (10)
554 (55); 563 (13); S78 (30)
554 (40); 5?3 (60); -
555 (25); 588 (75); -

613 (21)b’d;645 (79)b’d; -

577 (-)c; 632 (-)c; 693 (+C
599 (20); 641 (38); 677 (42)
613 (15); 663 (73); 683 (12)

541 ,
527

52;
533
530

593

655

448

384

438

453

436

1313 0.50

1132 0.60

989
II 0.61
II
!!

998
II 0.56
If
II

1007
II 0.55
tt
II

1013

II 0.57
If
II

Notes: a S.s. = solid solution; U.P. = unidentified crystalline phase
b Averages of two measurements.
c AH3 and hence A~otal not obtained; AH1/AHZ = 38/62.

d Alloy largely crystalline; exothenns not,plotted in Fig. 1.



Fi~ure Captions

Figure 1. Temperatures of exothermic effects for
(M=Mn, Fep Co, and Ni).

U-M glasses

Figure 2. Temperatures of first ~xotherm, Tel, for U.TJ!4.Z?
glasses (Table 1) and E * VM (see text) for M = V, Cr, Mn, Fe,
Co, and Ni.
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