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SUMMARY OF RESEARCH PROGRAM AND RESULTS

The principal objective of this program was the systematic determination
of the formation and thermal, mechanical and electronic properties of several
groups of new metallic glasses containing transition metals prepared by rapid
solidification processing. The focus was on properties that could be related
to the bonding character of the glasses; this includes studies of thermal
stability (both with respect to glass transition and crystallization), mechanical
strength, as expressed by elasticity (Young's modulus) and plasticity (micro-
hardness), electrical transport (resistivity and thermoelectricity) as well as
other associated properties. Ready glass formation (RGF) upon quenching is an
alloy property important in this context; it was studied exhaustively in several
systems. RGF was shown to be related to bond strength via a relationship with
the heat of formation and atomic size ratio which was developed in the course
of this program. Alloy constitution studies were carried out; novel processing
and property measurement techniques were developed.

Results of the program are documented in the appended 1ist of Publications
credited to this program. Highlights of these research results are given in

the following:

New families of metallic glasses containing transition metals were investi-
gated and their properties were established; alloys studied fell into four main
categories:

Alloys containing actinide metals,especially uranium (1,14);
Alloys containing refractory metals (3);
Alloys containing simple (alkaline earth) metals (4);

Alloys containing intertransition metal combinations (5,7).

Special emphasis was placed on mechanical properties: elastic modulus
measurements were carried out using a new dynamic pulse technique (IIR method)

(8,9), and plastic properties (microhardness) were determined and correlated
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with elastic properties (17).

Electronic properties measured included the magnetism of rare earth alloy

glasses {11) and thermoelectric power (12,16).
The effect of oxygen additions on glass stability was investigated (2).

Alloy constitution and alloy phase structure were studied (6,10,18).

A novel method of rapid solidification processing for thick ribbons was

described (13).

Fundamental models of ready glass forming ability were formulated and
investigated (15).
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PROPERTIES OF METALLIC GLASSES CONTAINING ACTINIDE METALS:

I. THERMAL PROPERTIES OF U-M GLASSES (4 = V, Cr, Mn, Fe, Co, and Xi)

B.C. Ciessen’ and R.0. Ellfozc®

+ Department of Chemiscry, Northeastern University, Boston, Massachusetts,
USA 02115

¥ ® University of California, Los Alamos Scientific Laboratory, Lcs Alazos,
New Mexico, USA 87545

Intreduction

' On the basis of allaoy chemical factors found to be active in mecallic

glass formarion! there was reason to expect that binary alloys cuasisting 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 che V, Cr, Mn, Fe, Co, and

Ni groups on the other would form glasses upon rapid quenching from the melt at

moderately high cooiing rates. The previously reported metallic glasses con-

tainicg Th, such as Th-Fe, and glasses rich in U, such as U~Cr and U-V? provided

examples for this family of amorphous metals. More recently metallic glasses

have been prepared in thirteen additional uctinide alloy systems, amung 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 actinide

- glass formation were discussed. Glass formation in alloys of U, Np and Pu wes
ascribad® to _the low nelting points Tp of these elements {compared to their toil-
ing points);s the low T, values in turn are thought to be related to the f-elec~
tron tonding present in these metals.® It was also observed® that mecrallic glegses
coataining U form more teadily than the ccrresponding Pu glasses; this Jifference
was ascribed to the lower coacentrations -f M at the eutectic compositioas in the
Pu-M alloy systeus.’

In the present papar the results of a preparative and calorimetric study
» forming part of a coniinuing invescigacion of the new actinide glasses are
reported. Specifically, lower bounds for the composition limits of glass forza-
tion (G.F.) at moderate cooling rates have been obtained for the U-M (M = ¥, Fe,
Co, 1) 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 UgM phases on the U~rich side
and relatively ncre stable, congruently meltirg Laves phases UMz on the M-rich
side; in addition, the U-Co and U-Ni systems contain additional phases such as
UCo and UNix, respectively, in the central composition range which i{s of inter~
est here.“’?’ The U-V and U-Cr Systems are simpler; thair constitution diagrams
show eutectics formed by Y~U and V or Cr, respectively.

. Experimental Methods

The prepatative techniques used hsve heen Jiscussed in Ref. 4 they in-
cluded arc-ucleting and arc furnace quenchiag in glove box systems, followed by
XRD examination (Cu K2 radiatiou) and DSC studics in a Perkin-Elmer DSC~2 calori-
aeter, carvied out at 40 X/min. Some glass transitions were tentotively d{denti-
405 .

.

i




e e YRS I T A I

R i L L S

fied; their temperatures were obtained by the onset method rather than the mid-
point aethod.® i

XRD studies of the alloys after various stages of heat treating in the “&
DSC unit have been delayed by the need for precautions required in the handling :
of samples prepared and treated in radiocactively "hot” equipment; however, such
studies are in progress.

L . Results §
; Table 1 lists the structures of the rapidly quenched alloys and the thermal ﬁ

P effacts observed; the latter are plotted for the four system U-M with M = Mn,
: Fe, Co, and Ni in Fig. 1.

Glacs 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.pct. for either Mn or Fe; for the U-Co and
U-Ni systems the U-rich limit lies between 20 and 27 at.pct. for either Co or Ni.
(However, a small t of amorph naterial sufficient in aquantity to obtaim
thermal data war also retainud at 20 at.pct. Co or Ni.) The upper limits of the
region of easy G.F. lie above 35.3 at.pct. Mn and 40 at.pct. Fe, Co, and Ni,
respectively. For the remaining two systems, U~V and U-Cr, glass formation had
been reported to occur hetween 20 and 40 at.pct. V and Cr;’ however, in the pre-
b seat study the alloy at 27 at.pct. V was found to contain only small amounts
: of glass. The alloy at 27 at.pct. Cr was amorphous, aa reporred. In several
of the allcys which were not completely amorphous (lable I), crystalline phases
. were found that were not among the known equilibrium phases; it would be of
! incerest to Iidentify these along with any transition phases forming in the course
L of the crysnnization of the glasses. In the U-Fe and U-Co systeams, metastable
¢ extensions of the intermediate U¢M phases (M = Fe. Co) were found, indicating
f metastable cooposition ranges of these phases of 6 at.pct. M, up to >20 ar.pct.
; M,

Thermal Vata Given by System

[ The most important results of the present work concern the thermal stabili-

: ties of the glasses in the six binary U alloy systems gtudied. In the number

. of exothermi: effects and the position depend of the T vali:s, the U-Fe

¥ and U-Co glasses show very similar behavior. The U-Mn and U-Ni systems, however,

: have thermal characteristics different from those of the other two. For the

; - systens U-V and U-Cr in which only one composition has been studied to date, the
g theraal characteristics sre agsin similar. We briefly discuss these systems,

.- following their order in the periodic table.

For U,7aV 27 and U_73Cr_ 27, there are single strong exotherms, which pre-
wsmably correspenc to the reaccion: glass » a-U + M (M = V, Cr), in sccordance
with tl.e absence of intermediate phases in these systems. As the quenched
.- U,73V ,278lluy also contains a large amount of metastable y-U(V) solid solution,

teacsformation of Y may be involved in this reaction.

The U-¥n alloys show two major exotherms: the firse ome, T, , occurs
berween 578 and 605 K with no clear composition dependence; the second, Tej,
C.curs at temperatures which increase rapidly with increasing Mn content.

Joth the U«~F2 and U-Co sysiems show single exotherms for the more U~rich
Kinases a2nd doubie exotherss for the glasses less rich ia U; as observed fre-
quentiy ia such :uu."” there are continuous transitions between both reginmes,
vetucring approsinactely ac U,¢rFe,3; and U, 73C0,27, respeccively. In the U-Co
s750¢0 there are, in addition, weak exotherms at 20 and 27 at.pct. Co.

l
l
l
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Basides the exotherms, endotherms were seen for the U .73Fe 37 and U ¢9Co 3y
glasses; however, additional study will be required to dlstinguish whether thése
endotherms correspond to glass transitions or whether they are artifacts related
to possible exothermic relaxation effects occurring at lower temperatures.

The U-Ni glasses ware characterized by double and, at lower U contents,
triple crystallization effects. As the alloy U_gel1i ;¢ was largely crystalline,
the data collected for this slloy (Table 1) are not included in Fig. 1.

- Discussion

Composition Dependence of Thermal Stability

In three of the four systems vhere comparisons of different compositions
wvere possible (U-Fe, U-Co, and U-N1), the thermal stabilities increase with
increasing countents of the alloying elements M; only for U-Mn the present data
are inconclusive in this regard. The results fot the three systems are in line
with observations on many binary metal-metal’®’'! and metal-metalloid
glasses, %111 yhere the thermal stability generally increases with increasing
contents of the component having the smaller size and higher elastic comstant.

Further, the U-Fe and U-Co systems permit an extrapolation of the crystal-
lization temperature to unalloyed uraaium, obtainad as Tc(U) V530 ¢ 20 X. This
value, however, would apply only for a hypothetical U glass with a structure
comparable to those of the binary U-M glusscs.

Dependence of Thermal Stability on Alloying Element M

Perhaps the most interesting result contained in. the present data concerns
the change of T., with M. The T¢; for U,73M 2, glasses are presented im Fig. 2.
The curve shows a stability maximum for glasses with M = Cr and a uwinimum for
glasses with M = Pe and Co.

It is of interest to try to find correlations of the thermal stability (a)
with other properties of the glass itself, (b) the phase diagram, and (c) prop-
erties of the alloying elements M, the ilatter especially with a view toward
finding relations having a predictive quality. However, the existence of such
correlacions 1s uncertain for crystallizat.on temperaiures, &8s the crystalliza-
tion products change discontinuously from system to system. [As pointed out,®’!?
such correlations are more likely to exist for glass transition temperatures;
however, it is not clear whether Tg data can be collected for actinide glasses,
(see above).]

We review the correlations of types (a) - (c) which were obtained for the
prasent data on U glasses. As to (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 Ca'® or refractory wetals'®) is that
between T, and T, the lowest eutectic temperature in the glass forming region;
4 straight line relation with a ratio Ty /Tg +0.56 has been observed in such
syatems. While the crystallization temperatures for M = Fe, Co, and Ni lie
close to this line (see the values for T.,/Tg given ia Table 1), for the
U.73Cr 37 glass and the U ,,Ma ,, glass (by incerpolation) T, lies above the
straight line and for the U 7,V 27 zlass T lies below it.

The positive departure of T, for the U-Cr glass from the straight line is
probably relaced to the low Tg of U-Cr alloys relative to the weltiag potnt ot
Cr; the low Tg i{s primar{iy due to the absence of the intermetallic phases com>o0
to the other U-M systems with M = Mn, Fe, Co and Ni. [We comment parenthecicallY
that the high Tcyand low Tg of U-Mn combine to produce a small supercooling

408




interval Tg-T., for alloys near the eutectic composition, thus providing a ratio-
nale for the ogacrved. rather good G.F. ability of U-Mn glasses.] The negacive
departure of T, for the U-V glass from the straight line, on the other hand, may
be due to a too large value for the Tg which is due to the extensive solid
solubility of V in y-U, as coipared to the other U systems. This solid solubil-
ity is made possibls by the relatively small size difference between U and V.

As to (c), correlations of To, with elemental properties, a correlacion of
Tey with elastic constants of the constituencs and the atomic volume of M was ten-
tatively identified. Figure 2 shows a plot of E.Vy, where E is the weighted
aversge of the Young's moduli of the constitueats and Vy is the atomic volume of
M. [The Vy used here are those appropriate for the transition elements M = Mn,
Fe, Co, anﬂ Ni {in dilute solutions or in intermetallic phases with a low content
of these M metals; these Vy differ from the elemental values which contain mag-
netic contributions.’*}

Both sets of pcints plotted in Fig. 2 are similar in their overall change
with M, suggesting a relationship between 'rc1 and E + Vy. However, while there
is reason to expect sowe such relationship to exist,!’ the origin of che expression
E © Vy found to be usable here is not clear; this relation may not be confirmed
1f 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 aa undecstanding of the factors active in this
particular category of metallic glasses.
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Figure 1. Temperatures of
major exothermic effects as a
function of composition for
U~M glasses, where MvMn, Fe,
Co, and Ni (Numbers near each
data point show estimated per-

centages of Aucryst)'

Figure 2. OUnset terperatures
of firse exotherms, T_,, fnr

U q,M 5, Blasses (fsan Table
1; left scale) aad E'V, (see
texty rizht scale) shovn plot-
ted against the transition
metal additive M artanged o
order of increasing atoumic
number.




From Rapidly Quenched Metals III, Vol. 1,
8. Cantor, ed., The Metals Society, London

(1978)

cy
THE EFFECT OF OXYGEN ADDITIONS ON THE PROPERTIES

OF AMORPHOUS TRANSITION METAL ALLOYS

+ . +
D.E. Polk, C.E. Dube and B.C. Ciessen

+
Institute of Chemical Analysis, Applications and Forensic Scilence,
Northeastern University, Boston, Massachusetts, USA 02115

.

Department of Cheamistry, Northeastern University, Boston, Massachusects,
usa 02115

Iacroduction

Oxygen concaminacion fs & potential problem in the study of amorphous
metals because of che highly reactive nature of some of the constituent elements
of merallic glasses and because of the processing techniques which are used to
produce chis mecastable state. Oxygen is frequently present already in the
starting matertals, e.g. rare earth elements or early transition metals; further,
oxygen present as an impurity in the gaseous atmosphere may be incorporated
during alloy preparation (e.g. arc melting) or during the quench process
(especially during thermal evaporation or sputtering or during splat quenching
using the gun technique). Since these materials are generally studied as thin
foils, further heat treating of che amorphous metal can also lead to a signifi-
cant oxygen contsmination. Nitrogen contamination may be a similar problem
under these circunstances, but this impurity was not studied at the present
time.

Effects of oxygen on the formation of and/or the behavior of amorphous
metals have been noted previously. In sputtering or vapor deposition, the
presence of oxygen has been shown to enhance the formation of an amorphous struc-
ture from unalloyed metals; for example, it has been shown '° cthat a nickel fila
deposited by electron-beam evaporation onto a substrate held at & K {s crystal-
line when optimum ultra-high vacuum conditions are used while the inclusion of
gaseous impurities at a level of “0.7X leads to an amorphous deposit with s
crystallizacion temperature of “50 K.' Other films of "amorphous N{" have been
reported to crystallize at much higher ctemperatutes, e.g. 530 K,  undoubtedly
due to higher levels of contamination by, at least in part, oxygen. Oxygen
contamination can also readily scabilize che amorphous phase in films prepared
by sputtering from a high purity nickel target." Further, a noncrystalline
structure was observed in thin, electron transparent regions of nickel foils
produced by gun-technique sglac quenching of initially unalloyed nickel onto a
room temperature substrate;’ the high Tc = 425 K of this material was attributed
to oxygen contamination.

It is clear that the presence of oxygen in amorphous metals can also affect
the crystalline phases wvhich form on crystallization as well as che thermal
stability of the alloy. 1t has been observed, for example, that a new cryscai-
line phase (n carbide, W)Fe,C type) formed upon heat treating of amorphous Ti-Be
alloys in a calorimeter® and is found in a Ti-Be-0 alloy due to its stabilization
by the presence of oxygen and/or nitrogen.

In this study, oxygen has been added to three binary inter-transition metal
alloys already known to form a glass upan rapid liquid quenching. The effect of
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oxygen upon the glass forming ability, the glass transition behavior, the duc-
tility of the glasses and their crystallization products has been characterized.

Experimental

Alloys were prepared by melcing cogecher the pure metals and, for oxygen
containing alloys, pressed pellets of copper oxide powder and nickel oxide pow-
der (86 w/o Cu and 75.2 w/o Ni; Alfa Products, Ventron Corporation) in an
arc-melcing furnace. 2r soCu, sg, Nb_ saNi,sq and Ti ¢¢sNi_ 3,3 were selected as
the basic binary alloy compositions to be studied; oxygen additions to these
alloys were then made such that the mecal ratjio was kept constant. Alloys were
not analyzed cheaically afcer melting; indicated compositions are rhose calcu-
lated from the initial weights of the components. Rapid liquid quenching was
accomplished using an arc-melting hammer and anvil apparatus and also, for the
2r-Cu-~0 alloys, melt spinning from a fused silica crucible onto the inside of a
rotating cup. Standard X-ray diffractometer procedures with filtered Cuka radia-
tion were used for structural characterizations. A Perkin-Elmer DS5CZ (with
99.996% argon gas as protective atmosphere) was used for all thermal treatments;
data was recorded on a two pen recorder so that the DSCI output could be gathered
at two different sensitivities.

Results and Discussion

Data on glass formation and thermal stability for the alloys which were
studied are given in Table 1.

Compositions which form a glass.

For the 2Zr.so-x/2Cu.sg-x/20x alloys, glasses were obtained with up to

8 a/o oxygen by using the arc-melting quench unit; attempcs to obtain the amor-
phous phase for alloys containing 3> 10 a/o oxygen were unsuccessful. Results of
the hammer-and-anvil quench process were not fully reproducible from splat to
splat; some splats have a higher yield of metallic glass than others since the
foil thickness and hence quench rate can vary from splat to splat. This obser~
vation can be used to qualitatively judge the relative glass forming ability of
different alloys by quenching each composition several times and comparing the
results. While binary 2r,soCu, sy forms a glass readily upon arc quenching, it
was found that the addition of oxygen progressively reduces the glass forming
abilicy so that alloys containing 8 a/o and, to a lesser cxtent, 6 a/o oxygen
could be made amorphous only with great difficulcy.

2Zr.soCu.se could be readily melt spun to a glass in vacuum. However, all
2Zr,s0-x/2Cu, so-x/20x alloys, even with only ! a/o oxygen, were partially crystal-
line wvhen melt spun under similar conditions. Ribbons from alloys of low oxygen
content appeared amorphous on the substrate side but were partly crystalline on
the top surface; they exhibited a crystalline pattern superimposed on a broad
amorphous peak. This is consistent with our experience that the arc-melting
hammer-and-anvil quench method produces higher quench rates than we could achieve
by melt spinning. The results from melt spinning are discussed further in the
section on crystalline phases.

For Nb, so-x/2Ni.sg-x/20x, a glass was obtained upon quenching in the
arc-melting unit with 2.9 and 5.7 a/o oxygen; alloys containing 2 8.6 a/o oxygen
could not be made fully amorphous.

Ti.ee?Ni, 133 could be quenched to a fully amorphous condition in the
arc-melting unit. However, repeated attempts to produce fully amorphous Ti-Ni-O
samples containing even only 1 or 2 a/o oxygen by this method were unsuccessful.




Thermal behavior by calorimetry: T, and Tc.

Fig. 1 illustrates che DSC2 thermograms obtained for the amorphous Zr-Cu-0
samples. Data in Fig. 1 was gathered from samples weighing 9 mg ar a heating
rate of 80 K/min; one pen, having a full-scale deflection sensitivity of
S mcal/sec,was appropriate for investigating the glass transition for cthe
selected mole fraction and heating rate and the S0 mcal/sec sensitivity of che
other pen was selected so that the full cryscailizaction exotherm could be

observed.

It can be seen in Fig. 1 thac cthe 2r soCu_ sq alloy, as observed previ-
ously,?’? exhibits a well defined thermal manifestation of the glass transition,
i.e. a AC,, and that the specific heat has "levelled off" at the higher value
associated with the undercooled liquid.l° The value of 4Cp observed for
2r soCu_sg, %.6 cal/mole K, is typical of that measured for other metallic
glasses where the “levelling off" is seen. The addition of 2 a/o oxygen raises
Tg by 21 K though cryscallization nov beings sooner, relative to Tg, than in the
oxygen free alloy so that the "levelling off” of Cp ar the higher value is
therefore not observed. [t appears chac, with iacreasing oxygen content, Tg
moves to higher temperatures faster than Tc, i.e. (Tc ~ Tg) decreases, such that
only part of the AC, is seen for the & a/o oxygen alloy and no 4C, is seen for
the & and 8 a/o oxygen glasses. 1o general, a AC, may or may not be seen for
any given oxygen-free amorphous metal since (Tc - Tg) varies as the composition

vartes.'}

It had been noted previously" chat wetallic glasses can be prepared more
readily by rapid liquid quenching, i.e. with lower quench rates, as their
(T, - Tg) increases. Since the atomic mobility increases rapidly for T > Tg,'?
alloys of higher (T, - T,) possess relatively higher atomic mobilities before
crystallization occurs; %he higher resistance to crystallization near the glass
transition temperature thus appears to extend throughout the entire temperature
range corresponding to the undercocled liquid. Thus, the fact that (T, - Tg) of
the present alloys decreases as the oxygen content increases is consistent with
the finding noted in the previous section that che ease of glass formation
decreases as oxygen is added.

At temperatures preceding any glass transition and crystallization effects,
all of che samples are seen to exhibit a broad exothermic "relaxation" effect
over a temperature incerval of about 200 K; this effect was previously noted for
Pd-Si alloys" and for Zr-Cu alloys.’ in Fig. 1, comparison of the amorphous
curves with the curves taken for the samples after crystallization makes this
effect apparent.

The crystallization exotherm is seen to broaden significantly at oxygen
contents above 2 a/o. As mentioned, the onset temperature moves to higher
temperatures as the oxygen content increases with a maximum increase of T¢ of
140 K at b a/o oxygen before it decreases for the 8 a/o oxygen alloy.

For the interpretation of the present results it {s of major importance to
decide whether or not: (1) the oxygen was in fact uniformly distribuced through-
out the amorphous phase and (2) the composition of the glass was as calculated
from che initial components, e.g. whether ot not oxygen was lost during melting.

As to the first poinc, the strongest argument that the oxygen is dissolved
uniformly (on a microscopic scale) is the marked and smooth change in the glass
transition behavior as a function of the nominal oxygen content (Fig. l). We
base an argument for local homogeneity on the reproducibility and compositional
dependence of the thermal features for binary Zr~Cu glasses. We have found the
"shape" of the glass transition for 2r_ soCu.se. determined by the relative
temperstures of T‘ and the onset of crystallization, to be quite reproducible
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i for alloys of this composition which were prepared, quenched and characterized

2 . on different occasions, using both the arc~quench method and melt spinning.
Further, the "shape" of the glass transition is relatively constant in the
vicinity of 2Zr.seCu,so as che ratfo of Zr to Cu is changed.® Thus, the observed
changes in the glass transition behavior can not be due, e.g., to the segregation
of the oxygean into more zirconium rich regions, leaving behind the bulk of the
material as a glass richer in copper than the Zr.:oCu.so allov.

As to the second point, the weight losses occurring upon preparazion of the
alloys containing oxygen in the arc-melting furnace were typical of the less than
1 w/o loss experienced for nominally oxygen-free alloys. Further, after crystal-
lization the amorphous alloys from the initial pellets containing oxygen contained
significant amounts of phases vhich were different from those found for che
nosinally pure alloys and which are known to be stabilized by oxygen; this is
discussed in more detail in the subsequent section on crystal phases.

Finally, the data are found to be internally consistent with good repro-

¥ ‘ ducibility. Different splacs of nominally the same composition generally had

Te's within ¢ 5 K (presumably due to compositional fluctuations between the

~50 mg slloy pieces chipped from the master alloy and then used for arc-quenching)

of the average value and had similar glass transition behavior, i.e. the "shape” {
of the Cp change or the absence of such a change. {

Te values for Nb-Ni alloys are given in Tatle 1. Upon scanning amorphous
- Nb soNi o at 80 K/min, no crystallization exotherm was observed below 1000 K,

the temperature limit of the DSC2. Upon scanning at 10 K/min, however, a
crystallfization exotherm was observed; accordingly, the Nb-Ni-O glasses were also
run at a heating rate of 10 K/ain. For the oxygen-containing alloys, a second
peak appeared at lower temperatures; i.e. in contrast to the Zr-Cu alloys, the
presence of oxygen caused crystallization to occur at a lower temperature. The
first peak accounted for V382 of the heat of cryscallization in the alloy with
2.9 a/o oxygen and 47X of the heat of crystallization in the alloy with 5.7 a/o
oxygen. For a scan rate of 10 K/min and the available amount of sample, it was
not possible to determine the C, behavior of these alloys immediately before
crystallization in detail.

Heating rate dependence of crystallization and isothermal annealing.

A more detajiled comparison of the crystallization behavior of the binary
Zr 3oCu_ 3o glass and & ternary Zr-Cu-O glass was desired. For such studies,
melt-spun ridbbons would be desirable in order to avoid any small variatioms
possible betwveen nominally identical glasses prepared by arc quenching; this is
“ necessary since experiments for the determination of the activation energy for
crystallization involve only small changes in the crystallization temperature.
However, the inability to produce fully amorphous melt-spun Zr-Cu-0 ribbons i
hampered this comparison. -

* Portions of an amorphous 2r so,Cu_ 5o ribbon were scanned at heating riétes
of 10 K/min to 160 K/min; the qualitative features of the crystallization exo-
therm did not change. The crystallization temperatures obtained in these runs
are given in Table 1. In order to determine the activation energy for crystal-
lizacion 4E., &n T,/a vs. /T, was plotted;'" however, rather than a straight
line, a "“smooth”, curved line was obtsined. The tangent to the portion of the
curve obtained at low heating rates (10 to 20 K/min) resulted in a value of

: AEc = 96 Kcal/mole and that for high heating rates (80 to 160 K/min) gave

{ OEc = 75 Kcal/mole. Because the sample may not track the indicated temperatures

- at the high rates exactly and because of the results of isothermal annealing
: experiments given below, the value derived from the lower heating rates is pre-
ow ferred.
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Isothermal runs, where the rate of evolution of heat as a function of cime
was measured, were also conducted. As fllustrated in Fig. 2, a single peak vas
observed for Zr, seCu, so. Isothermal data were recorded from 690 K to 715 X ac
incervals of 5 K. A plot of ln(time) (both for times corresponding to the maxi-
mum rate of heat evolution and for times corresponding to 1/S of this maxisus
rate) va. 1/T gave a straight line with a slope corresponding to s
QEc = 97 Kcal/mole for both stages of crystallizacion, in good agreement with the
value quoted above determined from variation of the heating rate.

Since data for oxygen-containing alloys had to be obtained from splats,
only the heacing race variation method (which can be done with smaller awounts of
sample so that one splat can be used for several runs) wvas practical, given the
small varfations becween splacs of nominally identical composition. Sections of
one splat of amorphous Zr +eCu .90 ;2 were rup at different heating rates. As
for 2r 30Cu so, the shape of the crystallization exotherw was unchanged by changes
in the heating rate though the exotherms for the 2 a/o oxygen alloy have a dis-
tinct shoulder on the low temperature side, unlike that for Zr.soCu.se. The
AEc = 95 Kcal/mole calculated from che variation of Tp for the 2 a/o oxygen
glass is essentially identical to that found for Zr_ s¢Cu,se though this AEc value
is agsociated with the main peak; the shoulder may be due to the formation of the
n phase (see below) which may have a different AE..

In contrast to the thermal scans, the 2 a/o oxygen alloy behaves markedly
different from the Zr_ soCu, ss alloy upon isothermal annealing. Fig. 2 also
tllustrates the thermogram from a 2 a/o oxygen foil annealed at 700 K; while
some variacion between different samples was observed, these thermograms generally
show twq, peaks. X-ray diffraction measurements of a sample after the first peak
show the first peak to be associaCed with 20X of the sample forming a micro-
crystalline n phase (W Fe;C type) (see below). The second peak corresponds to the
crystallizacion of the remaining amorphous phase to a-2rCu.

The difference in the crystallization behavior of the binary and ternary
alloys, including the formation of the n phase (WyFejC type) which is often
stabilized by the presence of oxygen.ls is a further indication that the oxygen
has remained in solution in the alloy.

Crystalline phases.

For Zc.soCu,sq, the :-2rCu phase is found both in the as-cast alloy and
after cthe DSC scan of the initially amorphous sample. For 2r-Cu-0 samples,
both a-ZrCu and an nphase (WiFeiC type) form in the single exotherm seen in the
DSC scan with, as expected, the relative proportion of the n phase increasing as
the oxygen content increascs.

After crystallization during the DSC scan, the Nb,soNi.sg allor did not
have the hexagonal L phase structure expected from the phase diagram $ and pre-
sent in the alloy before quenching. Instead a more complex XRD pattern was
found, the principal lines of which (in the forward reflection region) could be
tentactively indexed with an orthorhombic unit cell corresronding to tha M phase
type fuund as an equilibrium phase in the Nb-Ni-Al system'® and other ternary
Nb-Ni alloys. = The M phasce had earlier been observed in an isothermally
annealed, splat cooled Xb-Ni glass.'® Further annealing tests would be required
to determine whecher the observed M phase is a metastable binary phase or whether
it was being stabilized by unknown low-level impurities. In any case, the effect
of oxygen additions at levels of 3 2 at.pct. is differenc: for both Nb-Ni alloys
which initially contain oxygen, the low temperature exotherm was associated with
the formation of a ternary phase, reported earlier as an equilibrium phase,'?
that has the n phase (WiFe)C type) sCructure and coexists with the remaining
amotrphous phase; the second exotherm i{s due to the crystallization of the remain-
ing amorphous material to the M-phave. The relstive amounts of n and the amor-~
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phous phases indicace that, if the oxygen ts toctally concentrated in the n phase
of equal Nb and NI content, the N phase would have a composition near NbjyN{i,0,
with x 0.5,

This crystallization behavior of the Nb-N1-O alloys i« similar to the
two-step cryscallizacion of Zr . «aCu, e90 ¢; upon isothermal annealing which was
discussed previously. Thus, in both syscems, segregation takes place during
cryscallization, with oxygen migrating from the glass to fora a metal-rich,
oxygen stabilized ternary phase.

As confirmed in this study where Ti ¢¢7Ni, 53y was arc-quenched into a fully
asorphous foil, it had been noted previously" that a glass could be made ac the
composition of the intermetallic phase Ti;Ni. This equilibrium compound has a
structure’’ which is closely related to the WyFe,C structure discussed above. For
Ti-Ni alloys, however, oxygen additions even as low 3s ] a/o resulted in splats
vhich were partly crystalline, suggescting oxygen segregation during the process-
ing, apparently due to additional scabilization of this phase by oxygen.

Fig. 3 shows che diffraction pattern obtained from the crystallized
2Zr,.9Cu.490, 92 foils superimposed on the broad first peak characteristic of the
glass. The cwo main peaks at V3?° and ~40° are from a-ZrCu (though the inten~ i
sicy of the peak at \37° would be relatively higher in a non-textured sample);
the peak bectween chem is at the position of the main peak of the n phase (W,Fe,C
type) in the Zr-Cu~0 alloys; while there is overlap with a peak from a-~ZrCu and
possibly 8-2rCu  at the same location, it may indicate the presence of the n
phase even in the 2 a/o oxygen alloy.

In general, the major diffractilon peaks for any intermetallic phase having
a composition near that of the glass, as well as the first reflection of a hypo-
thetical fcc or bec structure of appropriate atomic volume, occur near the center
of the broad peak. As seen in Fig. 3, this is the case for a fcc Zr, ¢oCu, 5o
structure which maintains the elemental atomic volumes; it is also the case for
the a-2rCu and the closely related ZrsCu g structure as well as the oxygen sta-
bilized n phase which has been found here in che cernary system.

In contrast, the major peaks of the ZrO: phases are found at much larger
d values and lower 28, as indicated in Fig. 3. The peak seen at 208 of ~28° in
the crystalline pattern from Zr.yeCu..90.0; Is in fact due Lo monoclinic ZrO;:.
The atmosphere in the DSC2 was not sufficiently clean to prevent some oxidation
of the sample during the runs, and some "blackening" of the surface is generally
visible to the eye. After longer annealing times and/or higher temperatures,
the Zr0: lines become more intense, including che well defined, second most
incense reflection of monoclinic ZrO; and a reflection from tetragonal 2rO:.
In each case, chese lines ascribed to 2r0; disappear upon a light polishing of
the surface of the annealed sample.

In analogy with other inorganic oxide glass systems (e.g. the Sioasyslenz:l
it is expected that the broad first peak of an amorphous phase having short range
order similar to that in monoclinic Zr0; would occur at about 28°. This state-
ment is of interest since broad peaks at about this location have been observed
in previous studies of 2Zr-Cu alioys.z"z' In a transmission electron microscopy
study®’ of foils heat treated so as to tnitiate crystallization, regions within
the foil which were associated with a broad halo at k values corresponding
approximately to the crystalline peak of 2r0: mentioned above were found. This
phase was labelled the "trans{ormed amorphous phase” and was gencrally found at
the boundary between growing crystals and the amorphous matrix. In view of
the small relative difference in the scactering powers of Zr and the Cu, it is
not considered possible that an amorphous (or crystalline) structure based only
on Cu and Zr would have significant values of the inzerference function (or
structure factor) at the observed low k values, i.e. that it would have a halo
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at such & lov angle. Even amorphuous pure Zr would presumadbly have a broad peak
centerad at an angle not lower than .364°. Thus, tt is suggesced chat the “trans-
formed amorphous” macerial is likely to be rich in oxygen, formed either by the
expulsion of oxygen from crystallizing regions or by contamination during aaneal-

ing.

A pattern similar to che "transformed asorphous’ pattern with a broad inner
halo has also been observed in thermally evaporated amorphous 2r «sCu ¢¢ but not
in sputtered amorphous Zt.noCu‘s..z. This is presumadbly due to a relatively
! high level of oxygen contamination in the thermally evaporaced sample.

The extent of the conditions under which this (presumably) amorphous
2t0z~-ltke phase will form is aot <lear. It had been hoped that such a peak
would be seen in our as-prepared or annealed Zr-Cu-0 alloys, but che so-far
limited scudies of these alloys generally produced either an oxygen-stabilized
n phase internally or crystalline Zr0; phases on the surface. Possivly, higher
oxygen contents ate necessary in an internal region to produce the amorphous
Zr01-l1ke phase.

As noced previously, the 2ryCu;Ox phase (n phase, W FeiC ctype) was found
by X-ray diffraccion measurements on the top surface of some melt spun 2r-Cu-0
ribbons. However, in other melt spun ribbons of 1, 2 and ‘4 a/o oxygen, a differ-
ent, unidentified phase vas observed; the reason for this difference is not known.
Similar patterns and variability vere observed for partly crysctalline 2r-Cu-0
splats.

Ductilicy.

It is known that many of the metallic glasses produced by rapid liquid

quenching are very ductile, i.e. that they will deform plastically on bending
' and that foils can even be bent back sharply to form a V~shape without fracturing.

This is also true of the binary Zr-Cuy, Ti-Ni and Nb-Ni glasses which were pre-
pared in this study. However, it is also known that other amorphous metals do
not share this feature and that embrittiement can be caused dy annealing, e.g.
Ref. 25, while the material appears to remain amorphous. The cause of this
britcleness remains a point of controversy.

This study demonstrates clearly that the inclusion of oxygen into the
amorphous T-T alloys which were studied enhances brittleness, with increasing
0 contents causing increasing brittleness. Some amorphous 2r-Cu samples with
2 a/o oxygen were partly brittle; the & a/o oxygen alloys were generally partly
brittle; amorphous alloys with 6 and 8 a/o oxygen were always drittle, i.e. they
would fracture readily on bending with no plastic deformation, and they could not
be sheared with scissors. However, it {s not yet known if chis is an intrinsic
property of a homogeneous alloy, i.e. one in which the oxygen is fullv dissolved,
or whether it is due to the presence of 3 minute amount of oxygen-induced preci-
pitates; transmission electron microscopy would be required to resolve this poiat.

Since the ductility of the 2r..sCu.440.02 alloy varied somewhatr from splac to
splac, presumably because of a different tempersture-time history for each, ther-
mal annealing studies of this alloy were of interest to study this embrittlement.
However, this study was hampered by the inability to spin oxygen-containing Zr-Cu
alloys to a fully amorphous state to give initially idenctical samples for anneai-
ing scudies. Limited studies on spluts were therefore made which are thus far
inconclusive. Annealing at 700 X for a time corresponding to the firsc peak in
Fig. 2, {.e. corresponding tu the formacion of a fine-crystalline n phase em-
bedded in the amorphous matrix, produced a very brittle sample; however, anneal-
ing for only 5 min at this cemperature did not cause embrittlement. Further
studies will be necessary to Jdetermine whether Or not embrittlement can be in-
duced before the fine, oxygen content induced precipitates are spparent to a XRD.
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it is noted thatsa sputtered amorphous 2r-Cu film, nominally 50 a/o Zr,
is also very britcle.? Whether or not this is dJue to the presence of gaseous

impurities is not yet known.
While no detailed study of the ductility ot che Nb-Ni-O glasses was made,

the as-prepared glasses were also found to be partly brictle.

Comments on the observation of Tg.

To unambiguously determine whether or not a given amorphous metal displays
a glass transition, one must balance the sample size, scanning rate and DSC
sensitivity to give a sufficiently large deflection for the AC,. The task of
determining 4Cp is made more complex by the curvature which is generally present
in the baseline of the instrument, the "relaxation® which often occurs in the
region preceding crystallization, and the need to be sure of the location of the
baseline which can shift from run to run due to different thermal configurations
of the sample pan and the platinum sample pan cover of the DSCI. For example,
the thermogram for the Zr..rCu..70.06 glass, taken at high sensitivity, qualita-
tively appears to show a glass transition; however, a careful comparisun to the
DSC trace for the crystallized material shows that the observed curvature 1s due '
primarily to the end of the relaxation effect. Further, any endothermic rise 1in
Cp should be quantized in order to assist in assessing whether or not the "full"
ACp is likely to have been observed and thus whether or not the Tg measured from
such a trace is in fact accurate.

Because of the high thermal stability of b, soNi sg¢, it could not be dJdeter-
mined with the DSC2 whether or not this alloy exhibits a glass transition. How-
ever, Nb, .« Ni, ¢ was found to exhibit the characteristic relaxation (maximum
depth of ~1.7 cal/mole K) followed by a rise of *1.1 cal/mole K above the crystal-
line specific heat, when heated at 80 K/min, although without any indications of
a "levelling off". Thus, a glass transition can be seen to begin in amorphous
Nb ,oNi_¢o although the onset of crystallization occurs before che full aCp is
achieved.

The sputtered amorphous Zr-Cu behaves sinilarly" to the liquid-quenched
Nb_ .gNi,¢o. Thus, a relaxation is observed, followed by a “1.3 cal/mole K rise
above the crystalline value and chen crystallization with a To = 758 K and
Tp = 769 K for a BO K/min scan. (A careful comparison with Tc for a liquid
quenched alloy of the same 2r-Cu composition must await an accurate compositional
analysis of the sputtered sample.) Since all liquid quenched alloys in this
broad compositional region show a well-defined Ty, one might speculate that
gaseous impurities in the sputtered film may preclude the observation of the tull
glass transition. From Fig. l, it can be seen that about 4 a/o oxvgen would pro-
duce such behavior in a liquid quenched amorphous Zr, soCu,¢q.
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Table 1. Thermal Characteristics of Amorphous Samples
] Alloy Composition Heating Rate ch K Tp* K Comments
K/min
Zr 50 s0 80 735 w2 T§=681
' (Zr o0 50 980,02 80 754+ 760 T3=702
l (Zr 50 507.96%. 04 80 766 m
(Zr 50 507,942 06 80 767 781
(Zr o404 50 .92% 08 80 761 771,790
I ¥ 5ot 50 10 961 973
(N6 sgNt 550 9719029 10 915,956 926,972
b 50N 500 9410 087 10 911,956 920,972
1 N6 4o .60 10 918,947,964 928,958,981
“ 80 950,985 962, -
M 50Cu 50 80 758 769 spuccered®
2t 5904 50 10 722.0 726.0 melt spun
" 20 728.5 733.5 .
“ 40 736.0 761.0 "
" 80 745.5 750.5 ", Tg=693
" 160 756.0 760.5 “

* Tg and T, are defined as the onset temperatures obtained from che intersections
of the extrapolated curve preceding crystallizacion and the steepest tangent zo
the 8Cp and the exotherm, respectively. Tp is the temperature at which the
crystallizacion exotherm reaches its maximum.

+ the "shoulder” for this alloy has a Te=749 K.
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Figure 1. Thermograms measured with a Perkin Elmer DSCZ at 80 K/min for ~9 mg
samples of 2r-Cu-0 amorphous metals. The lower set of traces shows the specific
heat behavior preceding crystallization; the upper set of traces, recorded at
1/5 of the sensitivity of the lower set, shows the full crystallization exotherm.
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Figure 2. DSC thermograms showing rate of heat evolution as & function of time
for indicated samples when annealed at 700 K (displaced zeros). Very small
peak at 2 ainutes for the melt spun ribbon is reproducible and may be due
to trace amounts of oxygen in this nominally oxygen-free alloy. f
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Figure ). X-Ray diffraction patterns (CuKa radiation) for various phases. The
smooth curve is the first broad peak of the pattern obtained from Zr ,Cu $0°
The crystalline trace is from a crystallized fotl of Zr 49Cu ‘90 62 ﬁa?ch’
contsins primarily the a-2rCu phase. : : :
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FORMATION AND PROPERTIES OF REFRACTORY

METAL GLASSES II: TS-T9 GLASSES (Ts'Nb, Ta; To=Rh, Ir)

9
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Introduction
There i{s an increasing amount of evidence!'? that the thergsal azmd mechani-
cal behavior of metallic glasses containing only transition metals (or rare
eacth wetals and actinides) is closely related to the corresponding properties
of the censtituent e.ements. (This is in sharp conirast to glasses concaining
B-zetals such as Al as a major alloying constituent c¢r as a minor additive;
nere the stavilizing and strengthening effect is frequently far in excess of
the izhereat stability of the additiva.) Axzong inter-transition metal sys:iens,
thea, high strength and thermal stability would be expected to be found in
glasses forcad by the coxbination uf transition metals having high elastic
ceduli and/or bigh melting points.?

It {s likely that the strongest and most stable metallic glasses will not
be Dbinary cetal-metalalloys but will contain one or rore refractory cetal(s)
as vell as zetallsid additions. Hovever, there is an incerest in the systepatic
study of the properties of glasses formed by binary combdinations of refractory
netals; for insrtance, such alloys can give indications of the correlatians
ecisting betsezn the tnermal and machanical parameters of the glass .ré its
componeats. Such a study is reported here for the four possitle combinations of
the 7; metals ¥b ard Ta on the one side and the T, netals Rh and Ir on the
other.

The first amorphous T -T, metal alloys to be prepared were Xb-Rh glasses.
chatacterized as ntetocrystalline at tke time of their initial preparacion.”
Electronic ptopetties of the Xb-Rh glasses, especially their superconductivity,
were investigated." The preparation of all four of the possible T,-T, glasses
(as well as sone other refractory detal glasses) was recently reported; soace
approxisate crystallization tempetratures obtained by isotherwmal annealirg and
picrchardnesses (lover lizits) had also been given.

Ia the present study, the glass forming (G.F)) composition ranges of all
four systems have been determined; che crystallization temperatures T_ and
nicrohardnesses Hy have been deternined for four glasses with the composition
(T ) (L } ,s+ T, values were deteruined from measurements of the electrical

4 resxs.xvit;' the résistivities and their changes with temparature will te dis-
cussed in a different context elsewhere.

t The Ta-Rh constitution diagram® is given schematically in Fig. 1; many
fratures of it are typical of those of the other T.-T, systems.’ There fs a
4 central euteczic rvegion in all four cystems which contains the G.F. range; it

13 Sounded on the left at 40 alo T, byac phase and on the right by phases
with 12-coordinated closz-packed structures at “52 afo T,. Eoth Rh sysceas
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show high~temperature phases (a, for Ta-Rh) of uaxnowm structures.

Experimental

The procedure used to prepare refractory metal glasses has been discussed
in Ref. 3 together with design features of the arc furnace quenching wnit which
was used. Azorphous sanples wvera selected froo the quenched foils on the basis
of the presence of the typical "amorphous™ diffraccioa pattern.

Electrical resistivicies were determinad by 2 four-point ac techmique
usiog a Keithley 503 Milliohmmeter. The samples vers heated in a fused silica
tube hald st high vacuum. The temperature was deternined using a chrossl-aluzel
thermocouple. Upon crystallizatfon the elactrical resistivity showed a decrease
of 20 to 30X of the valus for the amorphous sampls; T was taken as the onset
teaperature (steepest tangeat method) for this decreasa. In the viciaity of Tc'
keating took place at rates of T = 8 K/min for ¥> ;¢Rh .5, 3 K/nin for Nb ssir,s,
3 X/uin for Ta ,Rh ,., and 1 K/min for Ta ¢ Ir . ,; i.e., the heating rates de-
creased with increasing Te.

To obtain a cross-check on the resistometrically determined values, T. was
also determined by DSC in a Perkin-Elmer DSC 2 uni: for a ¥b , Rh . saaple at
a heating rate T = 10 K/min; this coaposition vas cthe only one of the four allays
studied vhich crystalllzed below the texzp.rature liait of 1000 K for this unit.
The agreement of the two values (see Table 2) was axc:llent.

The microhardness values vere measured with @ Xenrron microhardness tester
usiang a 100 g load.

- Results and Discussica

Glass FTormation: The structures of the quenched T -T, alloys are listed in
Table 1; G.F. ranges of about 12 a/o were found in all four systems. Among the
crystalline phases that vere found there wWere several that had not yet been re-
ported as an equilibrium phase for their respectivs binary systea;® for the sys-
texs with Rh, these phases nay be the high terperature phases. The extent of
th2 ... ranges cau ¢ ~udewhat correlated '.ith features of the cinstitutioi
disgraa: on the T -rich side, G.F is lirited by the pcsition of th~ 0 phase
fleld (i.e. crys:ailization to the ¢ phase occurs, preventirg G.F.); oa the Ty~
rich side, crystallizatica to the high-temperature ;hase(s) may be suppressed

in favor of C.F. (e.g., for Nb-Rh) while, on the otrher hand, the low-temperature
phases tend to form, preventing G.F., as the T, ccatent increases.

Crystallization Temperatures: The crystallization temperatures T for the
(Tg).55(Ty) s Blasses are listed in Tadle 2. In Fig. 2a the T, values are plot-
ted azainst the eutectic temperature Tp and the averaged nmelting temperatures

Iy of the components. The straight line shown for T, vs. Tg passes through the
origin and is represented by T./T; = (.550. While the plot of T, vs. Tg shouws
some scatter, all Tc’TE values (Table 2) lie withia 0.03 (Av52) of the straight-
line value. This ratio agrees closely with thuse f>und {or maay other metal
glasses?*? and gives encouragenent to atzeasts®’!? o link che crystallization
temperaturea of the glass ard the eutectic melting temperatures of the solid,
even though the latter is two phase at the G.F. cczposition. T also corrclates
w21l with Ty; the straighc line show- ia Fig.2 corre:zinds to T “0-61'(?N'939)'
as is cbvious, this relation cannot be generalizes with chese pAramerers to all
cecallic glasses,

Considerations of the atumlc mozions requirel for crystallization suggest
that a relation exists berween the elastic properties and thermal stability,
ceasured only as T, in the pres:nt systess, of a glass. 1In the absence of ulas-
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tic data for the glass itself, one can exazine the correlacion of T, with Z,
the averaged Young's modulus of the components, or EV/V, where V is the mean
atomic voluse and EV is the weighted average of E-V. Both quantities correlate
well with T, (Fig. 2b), although again the resulting equations for the straight
lines cannot ba general for all metallic glasses.

Microhardness Data: The micrfohardness values Hy are given in Table 2 and are

plozrzed vs. T, and E in Fig. 3. The thermal and mechanical behavior of each
glass are closely coupled; by the relations between Tc and Tg or TH treated in
the previous section, dy is thus also related to Tp and Ty. The solid line
indicated in Fig. 3 for Ky as a function of T, is given by Hy = 1.04°(T.-200)

kg =a~?Rk~!; a dash-dotted line through the origin is also shown. For By vs. E,
tha fit to a sacoth curve is excellent. Since one might expect Hy*0 as E~C, a
dashed straight line through the origin is again also shown; this one such line,
By/E = 0.0320, is correct for the stronger glasses (Table 2) but predicts lover
values of Hy for the weaker ones than are observed. Like the thermal stabilicy,
the mechanical strengths of tha glasses are again strongly correlated with the
elastic moduli of che constituents.

As gentioned before,” the present glasses possess good bend ductility;

some of the alloys even possess u certain degree of toughiess 1n the cryscalline
state.

Conclusion

Probably due to the consfderable similarity in the atomic size and periodic

table position of their constituents, the thermal and mechanical properties of
the present glasses possess a high degres of correlaticn (a) with each other,
(b) jointly wich features of the phase diagram, and, most interestingly, (c¢)

Jointly with pertinent properties of the constituents. -~
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Table 1: Class Formation Upon
Arc Furnace Quenching in 15-19 Alloy Systess
Alloy Equilibrium Extent of Central Structure after Minimum G.F. Rangs
Composition Scructure at Tp Two Phase Field Rapid Quenching 1ia T4-T5 Systea
. at T and (at.pct. Tg)
- at 300 K
- (at.pce. Ty)
Nb,gshh, s o °
Nd_goRh 4o G 4+ Q) AM.
39 o 46.5 <40
Nb_ ssRh ss ag+ao AN, to
39.5 to 51.5 > 51
Nb, soRh, 50 a3 . crysc. (1 ?)
Nb.yesRh.s1s ay AM.
Ta_¢sRh, 35 g a
Ta_soRh o ° AM ttr.cryst.
Ta, gsRh, o3 o+ ay 40 to 49 AN, ~ 40
- to
Ta.soRh.ss ay n38  to 54 A.M.4cr.cryst. ~ 50
T3, vssRh 535 Gy cryst.
Ta,\sRh_ss Gy crysc.
Wb .¢akr.e a 4
Nb.srsle,eas o+o A.M.+Cr. cryset. r
41.5 to 52.0 A 43 '
Nb.ssir.as o+ A, to
41 to 52 < 55
Kb.sokr.sq g +Q AM. !
Bb.uzIr.ss az AM.+cryst. (najor) !
Ta.sslr.ss (] o i
Ta.¢2s1r.37s 4 A.M.+tr.cryst.
Ta.goIT.u0 c 41  to 50.4 A.M.+ir.cryst. ~ 38 !
to
Ta,.sslr. s o+ a; A35 to ~51.5 AM, A 52
Ta,selt.55 a, AN,
Ta, v7s1x, 523 oy AM.+zr.cryse. :
i
!
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Table 2: Propercties of (TS).SS(T9).AS
Transition Metal Glasges

Alloy oW TS, YT H'{vf:ifiﬁ;) (E;;g;z) l_a‘l,égz

M Rh,,  973%10 o0.387 0.549 780 t 40 2.30 3.39
9803 2

Ta ,®h ,, 118 %10 0.399 0.529 890 ¥ s0 2.72 3.27

N ,Ir g 1133t 10 0.415 0.563 970 * 50 3.01 3.22

Ta g Ir s 1283 %10 0.425 0.577 1100 % 70 3.44 3.20

(a) by DSC, at 10 K/min.
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Figure 1. The Ta-Rh constitution dtagran.‘
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INTRODUCTION

The stability of metallic glasses at ambient and elevited temperatures is
a property of corsiderab.e practical as well as theoretical impurtance. Con-
sequently, the thermal effects occurring on hea;igg of metallic glasses are amcng
their most commonly determined characteristics.’®” As for the phase traasforma~
ticns (especially melting) of most crvstalline metals and alloys, however, the
understanding of these effects, especially their correlaricn with other pcroper-
ties, }s not yet well developed, although prugress has been tade in individual
cases. *

One ray distinguish two types of thermal effects: exothermic (crystalliza-
tisn, recrystallization, relaxation) and endothermic (glass tramsitioa). Of
these, the former are complex in that they pertaia to reacticns involving more
than one phase at the same time; accordingly, they generally differ from glass
to glass and can not be easily treated quantitatively The l:teer, liowescr, is
¢ r1aver-sitle e{f ..¢ which occurs within a humogeneous phese and should therefore
be amenable to & general treatment. Such 2 treatment would then establish cor-
relacions of three types: (a) between the gluss transition temperature T, ard
related properties of the glass itself such as elastiu moduliz;?=3 (b) between
T_ and physical-chemical properties of the alloy system, such as phase diagram
€Baturea® (e.g. the presence of intermegiate phases and their melting points)
erd thermodynamic quantities of the system;’ (c) between T, and appropriate
parameters of che constituent elements.“*® Relations of types (b) and {(c) can
be expected to havae predicrive character concerning ‘!‘R without the glass actually
hasing been formed; relaticas of type (c¢) vould be the most generally useful.

(it shoyld be pointed out that in the absence of T, values, correlaticns of
types (a) - () have been attempted for the crystaflization temperatures T, .?7'%)

To examine the validity of such corcelations, one fruitful approach is to
ciz;ate the Tp's ¢f binary glasses in which one component aad thz stoichjomerric
Taiin Arm halg fixed while the other connronent is varied. Scudies ol Tg, how~
ever, ure confroated with the difficulty thal orly a rather small nusher of bi-
nary glassy alloys display glass traansitions, wespecially well pronounced ones
[t.e. glass transitions with a sufficievatir luarge toterval (e - TG these
allcys include Pd-Si,}2 Zr-u,'»"s!? and, Ca-Al und Ca-In ylasses®3!™ which werv
cisccvered only recently. On the other hard, while glasses containing three
3r nore components at substantial coscanteations more trequently snow gluss tran-
sicxons,l such alloys .re also meore L. %elv ¢o have nure complex interactions of

the components: at the present state of this field, they are therefore less
suitable thaa blnary glisscs to examine such corr:zlattons.




e e it thrme i o ow

There are two approaches, both involving ternary systeams, by which ad-
ditional tg data usable for comparative studies can be obtained: (1) deduction
of the Tg values for binary glasses from studies of suitable ternary systems »

and (2) ternary additions (at levels from 0-20 at.pct.) to binary glasses dis-
playing & glass transition.!® 1In the work reported in the present paper, the
tirst approach has been applied to Ca (M ,, glasses; Zr  ,,Cu ;.M o4 glasses
vere studied as an example of the second approach.

Ca ¢sM 35 Glasses (M = Pd; Cu, Ag, Au; Mg, Zn; Al, Ga)

It had recently been reported that Ca readily forms binary glasses with a
nunber of metallic elements M added at levels, depending on the system, of 15
to V60 a/o M;*!" the list of metals M includes A metals (Mg), transition Detals
(Ni, Pd), and B metals (Cu, Ag, Au, Zn, Al, and Ga).%»!*+!€ The formation and
alloy chemistry of many of these glasses have been discussed and a survey of
their crystallization behavior has been given;® the crystallization sequences
of some glassy Ca alloys were found to be quite complex, displaying up to five
exothermic steps for some compositions,' ™

In this survey, well defined glaSs transitions were found in two binacy Ca
alloy systems, Ca~Zn and Ca-Al. 5,5 The glass traasitions in the Ca-Al and
Ca~Zn systems are observable for 0.30 ¢ x31 € 0.45, and 0.20 € xz, < 0.60,
respectively; in all other Ca systems (.xch the possible exception of Ca-Au at
relatively high Au corcentrations'®) T, ts aasked by :=rystallization or other
cxo:hernlc processes. At high Ca concentraticns, the crystallization tempera-
tures drop rapidly, masking Tg €ven in tha Ca-Al system at xa1 < 0.30.

The composition Ca M ;, was selected for a cumparative study. To obtaia
the T, values of interest despite the overlapping exothermic effects in the
respective binary Ca systems, ternary alloys of the composition Ca ¢ (Alj_ )
were studied in the hope, first, of beinz able to retain ternary glasses at the
desired composition x(a1+M) = 0.35 over a wide range of y values and, second,
to be able to determine T, for binary Ca . M ,; by extrapolation from the ter-
nary Ca_‘,(All_yMy)_,s alloys. For M = Cu, alloys of compusition

C3‘65(Zn1_yny).35 were also studied.

(zr.snc'.:o)o.ysn.ns Glasses {*! = §¢, Ti .V, Cr, 4, Fe, Co, ‘H, Cu)

The second approach to providing interpretable Tg data, wherein the change
in Tg upon the addition of alloying elements to glasses displaying glass tran-
sitions is determined, was used in a studv of T, for Pd-Si-M glasses;'?s it
was also emploved ro exanine the effect of alloyirg additions on T, in Fe-C-P-M
glasses (M = trangition metals)® and in Mg-Zn-M glasses (M = B metals) 17 A
corresponding study for Zr-Cu-M glasses has now been carried out" wherein the
well pronounced glass transition of binary Zr, ,,Cu g, 8lass’>'? was utilized.
The effect of ternary additlons of firsc period transition metals M at a level
of 5 at.pct. to form Zr . 4C0u M. s glasses is reported here.

EXPERIMENTAL METHODS

All alley: were inicially prepared bv arc-melting usivg 99.9% pure starting
naterials (with the exception of Zr which was 99.7% purity reactor grade matetial).
Weight loss analyses indicated apreement Letwe:zn the norminal and actual composi-
tion to £ 1 ar.prt.

For Ca alloys, glasses vere preparad by melt spinning" in a vacuunm of
~50 um Hg; ridbons of 2 ~m width and .50 L thickness uwzre formed during solidi-
fication on the inside of a copper drum. ¥or 2r-Cu alloys, amorphous foils were
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prepared by arc furnace hacmer~and-anvil quenching." All ribbons or folls

selected for thermal analysis exhibited no evidence of crystallice portions

when examined by XRD (to the detection limit of this method, estibated at

several X). Differential scanning calorimetry (DSC) was carried out on a Perkinm-
Elmer DSC2 at T = 80 K/min; the glass transitions reported here were determined
by the midpoint method (point of inflection of the endotherm). Crystallization
temperatures T, were determined as onset temperatures (steepest tangent method).

RESULTS

Tg for Ca (AL, M) ,  Glasses

The desired ternary glassy Ca alloys were prepared in eight systems which
are reported here. Ca_ 5(All_ )., Blasses, with M = Pd, Cu, Ag, Au, Mg,
2a, Ca, and Cc's..,(an_v(‘.a.ny).,s glasses were prepared. Glasses in seven of
these eight systens showed glass transitions up to y & 0.75; the exception was
the Ca 55(511_ Cu.) ,s system, where T, was observable only for y £ 0.25. In~
stead of the 1itcir system, Ca.‘s(an_yCu ) .15 Blasses were therefore studied
yielding TS values up to y = 0.67. An exgmple of the DSC results obtained on
such ternary alloys is given in Figure 1 for the (:.:.ﬁ5(:\1.1_\,&;‘,).,s system.
The multiple exothermic effects and the decrease of the initial Te to values
below Tg at y ~ 0.35 (thus masking T;) can be scen. It is also apparent that
the observed Ty have a parabolic dependence on y. Tg wvas therefore fitted to
the expression:

Al )+ y-TglCa (M ,,) + Aev(l-v).

[ 13

Tg(y) = (1-y)Tg(Ca_ ‘s

Expressions of this type have been used before for ternary g]asses."7 Toe
fic wvith the experineantal points was excellent (see Figure 1) zud the values
for To{Ca ¢sM »s) obtained by extrapolation are thought to be precise within
the assumed functional relationship to ¥ 10 K. The resulting T (Ca_, M )
are shown in Figure 2, where they are plotted together with the values obtained
directly for the two binary glasses Ca  ,Al ,, and Ca (,2n ,, against the
valence of the addition element M (see below). )

A presattation wnc further discuss on of the ternary data, especially of
the intaraction coeificients A, will be given elsewhere.

Tg for (2t 4oCu sq) g5M o5 and To for (Zr o Cu g,) 4,.M.,,5 Glasses

(Zr.,°Cu_,°)1_xHK alloys (where M represeats transition metals of the
firse long period from Sc to Ni) with M contents corresponding to 2.5, 5, and
10 a/o were studied.” Glasses were obtained at all levels for all of these
adcitives, with the exception of the alloy coantaining Sc¢ at x = .10 which was
partly cryscalline; further, glass transition temperatures could not be re-
liably datermined for glasses containing V and Cr at this level." At x = .0S,
however, glass transition temperatures could he obtained for all additives;
these values as well as the crystailization terperatures of (Zr  ,Cu .. )j_, M,
glasses with x = .025 are reported and discussed here. Results on additional
ternary alloys of this type, alsc includin? ron-trensitfor metal additives, will
be reported subsequently.

Values for LI, = T @r ,;,0u .t}".n)-Tg(Zr‘”Cu_ 50) were calvulated,
usl:z a value of Tylir ;¢Cu <o) = 692 K. The rosulting LTg are ploited apainst
the periodic table posiction (group number) of M in Fig. Ja. From the measured
terperatures of the onsct of crystallization, values for
LT, = TeZe qgr5Cu ca7:M.02c)~Te(2r 5Cu ;) were calculated, usiog
Te(Zr 5,0u 5o) = 737 K; these LT values are prescrted in Fig. 3b. The over-
all simtlarity of cthe curves for 4ig (presented here for x = .05) and LT (at
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x = ,025) as functions of M is apparent, indicating & similar effect of M in
both transitioas. {(The similarity between LT, and 0T, wvas somewhat less pro-
nounced when Loth curves were taken at x = .0§.) Further, for most of the
addition elements M studied here, the curves of il and AT. vs x are noC linear.
This made it necessary to give 4Tg and LT. st & specific value of x rather than
presenting the slope dT,/dx, as is customary for linear changes of Tg with x;!o
the values of AT, and AT, given here are not quantitatively representative of
the effect of M on Ta and T, at other addition eledent concentracions.

- DISCLSSION

Correlations of Tg with Other Alloy Parameters

It had been noted prevtously’ that the thermal stability, and especially,
T,, of the metallic glasses which were studied correlates with their elastic
properties; thus, T, and the Youn§'s wmwodulus E both increase with increasing
Cu content in amorpgous Zr-Cu.?»2% Further, the thernal stabilicy of the glass
has been related to the melting behavior of the corresponding crystalline alloy;
thus, T, (and To) often increases with increasing melting point Ty of the alloy,
as suggested early by Mader?! (for a review, see Ref. 22) and as confirmed re-
ceatly for glasses containing actinides, ° refractory netals,? and, now, Ca.®

These connections between Tg, Ty, and E suggest that the glass transition
resembles the melting process in being related o the elastic properties 3t the
solid. For crystalline alloys, such a connection is described by the Lindemanc
melting point formula,®! which relates T to the Debye temperature Cp and/or

(-2 It has recently been considercd that an analogous relation might hcld
for Tg, liaking Ty to E, and, hence, to Tm.s This idea has considerable appeal:
in some respects, a Lindemann-type equation may be more applicable to the glass
transition than to the melting process; the atomic processes thought to take
place during the rearrangement of free volume at 'l'g appear to be more amenable
to an analysis based on elastic rorces, which underlics the Lindemann Ty for-
mula, cthan the oelcing process. Furtherpore, a fundamental criticism of the
Lindemann T, formula is that it is a "single phase” formula, i.e. an expression
using only parameters of the solid, although it is applicd to a two-phase pro-
cess. The glass transition, on the other hand, occurs within a single phase;
it does nc: involve the toral rearrangemen. of thu st vcture wh.ocli occurs d.rin,
the melting process, and it therefore comes much closer to the physical picture
ou which the Lindemanr Ty formula is based.

In the following section we briefly review the Lindemann T, formula and
present oodifications required for its application to Tg, with specific refer-
ence to metallic glasses having compositions typical of the two families of
zlasses treated here.

The Lindemann Tm Fornula and its Modification for Application to Tg

The Lindemann formula for the melticg point T, of an element M is:3.26

Ty oL« oy - &) - gyl n

where L is a constant (Lindemann constaani), wy is the atomic niss of M, ¢ is
the Debye temperature, and Vy is the atonfc volume ot M. From this expression,
a relation to the elastic parameters can te derived™~ which yields:

Tn'L"E'V- )

where E is the Young's modulus of M. For the first case of interest here, a
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oinary glass A)_xByx,» an expression of the form
Tz = h(rp/rg) - E - Vg (3a)

can be derived, where E {s the Young's modulus of the glass, Vg {s the atowmic
volume of the smaller component, and h(r,/rg) is a relatively slowly varying
function of the atomjc size ratio ry/rg. For the special case of relatively
weakly interacting atomic specles, the elastic constants may be assumed to be
approximately additive; hence

E=oE
and
T' - h(r,\!rg) 'Q-E'VB ) (Jb)

where E is the weighted averaged E of the compeonents in their crystalline form
and o 1s a constant factor (a " 0.7)2? relating E for a glass to that of the
corresponding crystal or crystal mixture.

Using the solidus melting temperature Tg (frequently a eutectic temperature)
for the glass forming composition and making the doubtful assumption that the
meleing pechanism is similar <o that for the glass transition, one obtains

Ts - kl - Tsg, (3c)
as frequently (but nctuniversally) found?? (see Leiow).

Turning to the second case of interest here, ternary additions M at level
Xy to a binary glass Al-va' and again assuming weak interactions between M and

A -r B, one obtains

31n T,
Tog - TasBe Vo my) ' (ba)

wiere Ey, Vay and my are the Youn~'s modulus:, atcmic vo ua, 21 atomic mass ot
t.e addition element M, respectively, and F is a function dependent on the

N AB
properties of the binary glass Aj-yBy.

An especially simple relationship of this type for which there is some the-
oretical justification expresses ATg(xH) by

MTgGap) = AcEgu, @)

where A, is a function of M that contains my. Substituting Tp(M), the melting
pcint of M, for its elastic modulus, using (2), one obtains from (4b)

BT G = (ay/L) - T OOy (4e)

Ty for Ca o.M 4, Classes

we discuss the T, values for these glasses presented in Fiz. I, and we

< correlations of [, with pertinent alloy paraneters, begitning with those
disiussed in the precedlgg section and continuing with alternate variables such
as crzpound melting points or alloy valouce.

T sl

Ltlastic Mcdulus C: At present, E values for the Ca M | glasses as re-
4 in Eq. (33) are oot yet available; however, they are being determined.?®
‘iprissions such as (3b) which coatain orly the clastic constants of the compo-

teats instead of ¥ fur the glass ere not appliccLle to the present systums
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because the components show significant interactions which vary from systenm ta
system; accordingly, Tg and E do not correlate.

Solidus Temperature Tgq: A possible correlation of Tg with Tg, the solidus
temperatures ol the binary systems Ca-M at 35 at.pct., M, according to Eq. (3¢),
is tested in Figure 4. [For Ca-Au, Tg increases from 931 K for Xa; < 0.333
(Ca,Au) to 1073 K for xyy > 0.333; an averaged value Tg " 1000 K was therefore
useé to remove this discontinuity.] It is seen that Tg for M = Zn, Mg, Cu, Ag,
and Au lies on or close to a straight line with Tg/Tg = 0.58; this value for
Tg/Tg is in good agreement with other values observed for T;/Ts.?? The Ty
values for the rrivalent M elements Al and Ca (especially Af) do not follow this
relation: for these elements Tg is either higher or Ts is lower than given by
the correlacion {or both). This suggests that both the melt and the glass are
strongly stabilized with respect to the crystalline phase or phases in the Ca-Al
and Ca-Ga systems. To explain the observed T, values, further study of pertinent
thermodynanic quantities would be useful, 1nc§uding an assessment of phase diagran
features affecting Tg in these systems.

Melting Temperatures Ty of the Compound CaMp: From the relations suggested
by Bq. {357 and (3C) we turn L0 3 correration o: lg with a phase diagram feature
other than Tg. Inspection of the phase diagrams of the present Ca-M systens
which fcra glasses in their Ca rich regions shows that in a1l of these sysrems,
except Ca-Cu, the M rich regions contain CaMy phases. Four of these phases, in
the systems with M = Mg, Zn, Al, and Ga, are lLaves phases with relatively high
melting points. To test for a pessible correlation between the tiiermal stabili-
ties of the glass and the CaMp phases, T, was plorted against the melting points
Tp{CaM2) (Figure 5). For the systems with Ag and Au, averages of the Ty for
two pliases adjacent to and more stable than CaMy were used; for Ca-Cu the ligui-
dus at the composition CaCu? was uszd as an upper dound fur T,. With these pro-
visaos, a fair correlation of Tg and T;(Cally) was fouund, with Tg/im(Canz) L4,
existence of this correlation may reflect the considerstion expressed earlier®
that formation and stability of glasses in the Ca svstems (and orher similar
systems) is related to cthe presence and stabilicy of a Laves phase by complemen-
tary aspects of packing and bonding.

Relation of T, with Ocher Paraneters: Tne size ratio of the componeats in
Ca-M glasses hds besn showns to correlafe well with the width of the glass form-
ing range and might also be expected to affect glass stability, as reported,
e.g., for Laves phases;2‘ however, no correlation between ’rg ard rlz(Ca)/r;z(M)

is apparent.

Ty was also plotted against SH, the averaged cohesive energy of the glass
compaonents; a s*raight line relaticn including the origin was found, with a scac-
ter comparable to that scen in Fig. 4. The principal departures frem this
straight line were observed for Cu acrd A2, for which IB was Vv 100 K lower than
predicted frox their cohesive energies.

Allov Valence: Ttr is likely that better correlations than those preseazed
here are not possible until measurements on the elastic properties of the Ca-M
glasses are availahle or nmore thermodynaniec inforzation en the Ca-M alloy systems
is available. 1In the neantime, It is instructive to consider the thermul stadil-
ity of the Ca-M glassos Jn terms of tre valeace n of element M, or in tecms of
the average valzuce vlirctron concentratioa (VEC) (Flgure 2).  The VEC also plays
an important role in the Nagel-Tauc thecry relating glass formation and se¢adilicy
to VEC ~ 2 e/a.?®

The plot shows the following features, discussed in order of decreasing
valence of M:
a) Glasses of Cs with Si aad ve, r=4, would be expe-tued to be vecry siible.
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Bowever, for chemical reasons, such glasses could not yet be prepared.
b) Al and Ga, n = 3, form stable glasses with Ca.

¢) Mg and Zn, n = 2, form the least stable glasses with Ca prepared in
this study.

d) For Cu, Ag and Au, n = 1, T_ increases again; this increase, however,
is due to the bond strength” inhereat in these cetals {due (for Cu) in
roughly equal parts to conduction electron bonding and s-d hybridiza-
tion ; this bond strength aprears to be retained in the glass. A
glass of Ca with a simple nonovalent (alkali group) metal has not yet
been prepared; it is assumed that its thermal stability would be lower
than that of the Ca-Mg glass, as indicated for Na.

.

e) Pd, assigned n = 0, as frequently done in the classification (i compounds
formed by Ni group metals with simple metals such as 2r,3? forms the
most stable glass; this results mainly froa the d - electron bonding
contribugion of Pd to the glass.

f) Besides its valence, the size of M plays a major role; for each group
of M metals, Tx increases with increasing size of M (Zn + Mg; Cu ~+ Au).
Te for Ca-Ag 1s especially interesting; although the size of ag should
p?ace Ty near T (Ca-Au){ the lower bond strength of Az (expressed e.g.
in its cohesive energy’ ), as compared to Au, moves Ta(Ca-Ag) down (o
Tg(Ca—Cu).

Tg for 2r . ;,Cu  ;5M o5 Glasses

The LTg data in Fig. 3a are discussed in terms of the elastic moduli Ey
and atomic volunes \" of the addition eluments M (data from Ref. 35) and equa-
tions (4b) and (4c) are applied. Values for Zr arnd Cu considered as “iernary
aJdit!ogs? are also included; these were derived froca data on the biaary Zc-Cu
system. »°

A simfilar study of the effect of transicion me:al additives from the second
leng period is now in progress. *

Elastic Moduli and Atomic Sizes of M: The qualitative similarity of the
plets for ATg. AT., and E in Figure 3 (a-c) suggests that these quantities are
icdeed Interrelated; the characteristic, bimodal appearance of all three plots
is familiar from the plots of other properties of the {.rst long period tran-
sition elements’’ (cohesive energy, bulk modulus) and its recurrence here is
strixing. 1In comparing the plots for ZT, and E in Fiz. 3, disagreements in de-
tail are seea, particularly for V and Cu; for both o these ATx is considerably
larger than suggzsted by E.

The quantitative connectica established by the rzlation (4b) is tested in
Figure 6, which shows a plot of 4T, vs. EH'VM")- There is a fairly good linear
relationship betwsen these two quantities, except fcr V and Cu which deparet
stTongly from this relationship as noted already for T,,; toth elements are more
eifeztive in stabilizing the 2r-Cu glsss than {s indicate! by their elastic
nodull and atomic sizes. The larger effect of Cu ma: be due to its B-m-tal
charazter (see halow); for V the meleing temperature represents the stabilicing
effa.t betier than the low Youag's modulus E (see beics) or ans ot tha otlers
ela.tfc madulli S or B,

Yelting Tewperatures T.(¥): The previous secticn sugrests that the present
7r-Cu-M glagses (M = transition metal) are largelw :iditive in their elastic
proferties which affect T,. It is therefore of i{nzerest whether the elastic
constants of the addition”uvlyments can be replaced e the corresponding melting
tenperatures Tg(M) following Eq. (2).
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The relation of AT, to Tm(M) given by Eq. (4c) 1s tested in Fig. 7, where
LTg is plotted against %m(M)-V"‘z/ . For all transition metal additives, the
iTg values are seen to follow a cormon curve with relatively little scatter;
only Cu departs from this curve, showing again a greater stabilizing effect
than would be suggested by its melting point (see below). In contrast to the
relation of 4T, with Ey, previously discussed, the value for V now follows the
cormon curve, gndtcating that its glass stabilizing effect is more closely re~
laced to its welting point than its elastic modulus. The good overall fit

of the 4T, data with Eq. (4c) strongly siggests that the glass stabilizing
effect ang the melting points of the transition metal additives in the present
glasses are indeed interrelated.

Other Relations: We note that a fit of AT, to the cohesive energies, even
if evaluated in connection with an empirical vo?une factor, provides less over-
all agreement than the correlations with Ey and Tp(M) discuased in the two
previous sections; thus the observed stabilizing effect of Cr and the strong
destabilizing effects of Sc and Ti ara underescimated, and the (smaller) stabil-
izing effects of the late tranmsition elexeats are overstimated.

Non-Transition Metal! Additives: A comprehensive study of the effect of
B-zetal and metalloid additives on T, for Zr ,,Cu_g,is in progress.’® Initial
results" show that several non-transition metal addition elements have strong
stabilizing effects; the magnitude of these effects, however, is not well
correlated to their elastic pcsoperties and melting points but depends ou other
percinent properties such as valence, a2gain in combiration with size. The effect
of these addition elements thus resembles in some respects that of the B-metal
an¢ coinage metal components in the Ca-M glasses treated above; as for the
latter, correlations of Ty with phase diagram features (compound formation and
stapility) may also exist for the Zr-Cu-¥ glasses. An example is Al whi-h
causes a thermal stabilization of the Zr-Cu glass larger than that procuced by
aay of the T-metal additicn elements at equal levels; the corresponding Tg value
falls far above that given by either of the curves in Figure 6 and 7. The
strengthening effect of Cu as an additive in Zr~Cu-M alloyvs rnoted above probably
has the same origin as that of the other B metals.

We will not commant here on possible alloy chemical reasons for the dii-
ference between the etfects due te the two groups o. additives. In aay cuse,
it appears that for the non-traasition metal additives the interactions be-
twveen the additive and the transition metal combination forming the "basic" glass
are no longer negligible as they seem to be for transition mectal additives, and
hence Eq. (3b), (3c), (4b), and (4c) do not apply.

CONCLUSION

Ternary alloy glasses have been studied to obtain T, values for binary Ca
glasses nut displaying a glass transition. The results show that for Ca M ;¢
glasses T8 depends on alloy valence and size; some correlations to phase diagraa
features such as the solidus temperature and the melting points of the phase
CaM, were also ubserved.

It was also shown that for first lcng period tramsition netal additives
to 2 Zr ,.Cu ., plass the changes of T, and T, ate ciosely teluzed to each
other and, jointly, to the elastic modili and meltinpg points of the addicives;
the changes of T, are in geazral agreement with tho oredictions of 2 expressica
for T, wivich is hased on a modification of the Lindemann meliling point forfula
appropriate for the glass transition,

The prusent results sugiest that the properties controlling the therral
stapility of plasses are additive when transition metal elements are added to

2:6

e




b rvties
4

Ca e ——— e 07 v D M, A eSOy

1 A ey
BPY LA

' a binary glass such as Zr-Cu, while interaction terms nust be considered for ?;.
i non-transition matal addition elements as well as for most Ca-M glasses. A
<
g 3
;5 The study of the thermal stability (and elastic properties) of metallic
*¥ glasses may provide a general approach enabling one to determine the bondiag E
;4 effect of alloying addicions at low and high levels without the restrictions r
;i on single phase formation imposed by the phase diagram. <
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nected exothermic effects may
not correspond to related
physical processes.
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a valenze of zero.3

30.
31. G.D. Gelatt, Jr., H. Ehrenreich, and R.E. Watson, Phys. Rev., 1977, Bl3,
1613.
32.
1962, lLondon, The Institute of Metals.
33. K. Gschaeidner, Jz., Solid State Physics, 1964, 16, 275.
34. R. Ranan and B.C. Giessen, to be published.
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Introduction
Most petallic glasses prepared Ly rapid quenching from the melt! contain one or sore
transition metals.® The only previously reported glass forming (G.F.) systen containing only
sicple aetals is !z-Zn;’ hovever, no other Mg glasses apprar yet to have becn rade. It has i

also been found that the casily zlass fcring composition ranges in binary alloy systems ave
generally narcow (€ 0 af.gct.);‘ the only known binary system with a G.F. compostiticn racge
of V50 at.pcc. is 2r-Cu.”’

glasses {n scvea binasy, simple metal alloy systems containiry the alkzline earth metals Ca

and Sr. Soze of these alloys are characterized by high C.F. tendency."‘ hroad G.F. composition .
ranges, interesting transforzation “chavior, and, at leas! in two casas, alloy chemical sie- .
plicity that allows the role of the cize factor in glass formation’ to be identified clearly.

Ve report in the following the preparation and scme thercal properties of nev metallic #

The seven systess are listed in Taple 1. Phase 2lagrams’*? for two representativ:
systuas, Ca-Mg and Ca~Cu are givea {n Fig. 1 a and ¢, respectively. The Ca-Mg systea s
characterized by a MgCua type lLaves phase Ca¥;p; the Ca-2a uad Ca-Al systems are sintlar to
the Ca-{z systea fn this respect but contain additfonal phaves in the Ca rich region of the
low melting cutectic at V73 at.pct. Ca, as vell as at lcw Ca contents. The Sr systems are
similar to the corresponding Ca systems. In Ca-Cu, the Laves phase at A3z 1s replaced by the
stucturally related phase CaCus.

Experimental Methods

Amorphous alloys vere prepared using a melt spinning technique’ (squirting of a thin
liquid alloy lec onio the {nside of a rotating Cu drum {a . vacuum) under experimental condi-
tions (e.g. squirt zas pressure, orifice size, malt superfcat) that were kepc constant as much
as possidle. This mcthod yields allcy ridbons typically 30 um thick, 2 vm wide, and 2-8 = long;
glass formatfon or non-formacion at o given composition is reproducible {f smooth portioas of
equal thickness Iadicating s{m{lar cooling rates are compared. Alloy examination by XRD and
DSC (Perkin Flner DSC-2) was as custcmary.’ Some amorphous alloys were characterized by an
extrevely bread, dJduuble-humped first difizraction maximum due to the large size differencea

of the components.

Results and Discussicn

. The results suzmarized in Tabie 1 show that (a) Ca and Sr alloys were easily rctafned
as glasses by rapid quenching; (b) che G.¥. composition ranges are detwoen 20 and 5C at.pct.
wide; (¢) in some cases (e.g. Ca-Cu and Ca-Mg) a complex scries of thermal effects occurs: and
(d) the glass transition (Ts) or crystalli{zacion temperarures (Te) lic between 18) and 585 K
(for glasses A. sB.35). We discuss thesa featurcs briefly in the following.
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Class Formation: [Elemental properties or alloy constitutional factors that have been
associated vith ready glass forcation are summarized in Ref. 2; these {nclude: a
favorable component size ratfol!® [Ri/Rg » 1.15,2 where P and Rs are the 12-coordinated
rvadii of the larger and smaller (and, generally, mafority and minotity) ccmponents,
rccpectlvcly]; a favoradle valence electron concentratfon (VEC & 2 elcctrons/atom,
Nagel-Taue lodcl);“ strong chenical interactions of the constituents;!? cheaical and
periodic table differences of the constituents:? a strong depression of the alloy eelting
point Ty below the values for the ideal soluzion, T,'gd‘ or the compunent average,

T.,z The easy G.F. found e.g. in the Ca~Cu and Ca-Al rystens argues against a

dominant role of the valence electron concentration (easy glass fotmation was observed for
1.4 a/a < VEC < 2.4 e/a). Easy G.F. in Ca-Mg alloys argues apainsc the effectiveness of
seversl other factors considered, namely, the role of strong chenical interactions

(the internmediate phase CaMgz has only 8 moderate heat of forration, see Table I),
differences in chenical character+and periodic tadble position (both elements are alkaline
esrth metals and vertical nefghbors in their group), and a large melting point depressisn
belou the ideal solution value Ty, 1d!? (at 27 at.pct. Mg the Ca liquidus 1s depressed
only by 142 from Ty 4d).

Concerning the chemical interactions in the 1iquid it ray be noted that the {ntegral
enthalples of mixing in the Ca-Mz system'" can be scparated into a (syrmetric) regular
solution portion and a slightly skewed excess portion; the latter quantity, however, has
$t3 vaxizum at xw, = .54, wvith only a consideradly smaller value of the excess eathalpy
in the glass torn!nz range. The role of 1iquid interactions in G.F. remains unclear.

These considerations leave as factors to be considered for the present systenms the
depressicn of the melting point below the average component value [8Tor * (T - Tp) /Ty = 322
for Ca-¥z, f.e., in che G.F. ran;czl and the component size ratio (Ry/Rg = 1.23 for Ca-ﬂg’s).
[Sonc alloying elenents B such as Ga or Al melt sbnormally low in relation to their boiling
points. For them the usual expression for the reduced melting point depression? ATg, =
(Tg - Tg)/T5 should be nodified, e.g. by uating a constant fraction of the bofling point
of B instead of Tg(2) to compute T, since their alloy chemical behavior, e.g. the melting
points of their {ntermetallic compounds with other elements, reflects their cohesive cnergies

rvathet than their low celtirg potnts; the boiling pnints can then be used as a measurc of
the cohesive energies.

As to the relative importance of these two factors, kinetic considerations® shov
that a critical viscosity generally due to a sizeable rmelting point depression is required
for G.F. to accur; hovever, as the next paragraph shous, the size factor plays & major role
in deternining the videch of the glass forming region and may also control glass formation,
¢.g. via the viscosity. Further, the melcing point depression and the size factor were
found to be inter-related in the present systems; thcre 1s a veak dependence of 4Tar on Ry/Rg.

Class Forming Cosposition Ranges: The widch of the G.F. ranges 8xg generally depends on
the cooling rate and can often be extended somewhat by a faster quenching method, such as
splat cooling of thinner foils; however, the method of preparacion used here rasulted in
spproximately constant cooling rates and thus produced &xg values that persitted comparison
and correlation vith alloy chemical parameters. It was found that the &x, values for the
present alkaline earth metal systems are well represented by s straight line, making ax
proportional to the conponent size ratios Ry/Rg, as shown in Fig. 2; however, a different
functional relatfonship batween Axg and Ry /Rg than the straight line would be expected to
hold ac high and low values of Ry/Rs. While 4xg ~ 0 upon extrapolation to Rp/Rg = 1

for the present systems, general experience shows that Ar, vanishes at values of RL/FS > 1,
say, at Ry/Rg ~ 1.05. Also, vhile 8xg = 1.0 upon extrapo&l:ton to Ry/Rg ~ 2.0, one expacts
that dxg < 1 for all values of RL/RS and actually decroases beyond a certain value of Rp/Rs.
However, the observed dependence of 8xg on Ry/Rg again enphasizes the crucial rols of the size
factor in G.F, A qualitative relation of the composition ranges of three vapor deposited
amorphous phases to their component size ratios had besen given previously by Nader.l®
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Table 1 shows that the transformation behavior differs widely from systea

Jhermil Effccts:
———— In most of

to systen and 13 often complex; datails will be the subject of a2 future report,
the present systems, thete ave several thermal effects with different compositicen
dependences, as shoen for Ca-Al glasses in Fig., 3. Corpared to some other Ca glasses, the
thera?® behavior of the Ca-Al glasses is velatively sirple, vith a glass transition Ty and
three exothermic crystallization {or recrystallization) cffect Toy, T.2, and To3. The

glass traansition is only olservable at Al coatents > 30 at.pct., deing preceded by the
crystallizazion effects Te) and To2 at lower Al concentrations. The different slcpes of the
Tg and Te curves above 30 at.pet. Al suzgest that the glass transiticn dees not vanish
below that Al corcentration, but that there is a cross-over of the T and Ty curves, In
sgreenent with the hypothesis'’ that ev.ry cetallic glass will show a glass transtcion {f
crystallization or another irreversible effect does not veeur bafore.

A thernal effect of specfal interest was found in the Ca-Cu system, where a hitherto
uLreported phenorenon, namely an ordering reacticn in the glassy state (which is acco-panicd
by a strong exotheraic effect) is believed to exist.!® In the Ca-Mg system, heating may
tesult 1n phase separation!? of a single glass into two glasses.!® These chservations will
be reporced in d=zail in a subsequent publication, as noted above.

I

Thernal Scab! Finally, ve discuss correlaticns concerning the therral stabtifey of
alkaline ea:z: tal glasses havirg the corposition A 658 35 (Fig, 4; where there are
several exotherzi: reactions involving acorphous alloys, te~perature ranges showing the
teoperatures ard cpproxizaze relative enthalpies of the respective grocesses are givern),

In general, such correlations are mere likely to ex{ist for Te data than for the temperatures
of the first crystallization or other exotnermic effucts vhich aTe apt to depend cn
constituticnal deZails of the irdividual system; however, since both Tg amnd T, effccts
reflect at least i: pare local atomic zobility and dynamics, Tc data are scretimes used

in those systems wheie the absence of cobacrved glass transftions restricte the Jata
available for correlations fnvolving T .20921 Ag showm in Fig. &, the tirperatures of the
rajor cxothernic effects lie within a broad band which corcrelates roughly with the
texperatures Ty of the eutectics in the G.F. reglons. The ratios T (/Tp lie between 0.58
(Mg-2n) and 0.7C (Ca-Al); these values agree with the range of 0,464 (Au-~Si) to 0.68 (Nb-N!)
typically found for mezallic glasses,??

Fig. 4 aiso shows that the two observed Tg values (for Ca-In and Ca-Al) fncrease with
Tg: a straight line connecting these T‘ values (as a firat approximation) lies in the riddje
of the range of crystallization temperatures. This suggests again that the reason for the
failure to observe T, in the other present systems 1s the Jow temperature at which exatherzie
effects (crys:all!zaficn, phase scparacion, ot ordering, see above) begin to occur in each
of then,

The observed qualitative correlation of Tg, Tc{, and Tg suggests a microscopic
similarity of glass transition, crystallization, and melting, involving coemcn controlling
factors, as suggested by a recently given express!on”'?“ for Tg which is related to the
Lindezann celting point formula. There {s also a monotonic correlation between the
Tey (and Tp) and the averaged cohesive energies g of the constituents; however, to be
applicable to the systess with Cu and Ag, this corvrelation requires ZH¢ for these elements
to be reduced by an amount toughly corresponding to the s/d hybridization comntribution to
g .2

Other correlations that have hecen proposed or could ¢ considered for the thermal
scability, e.g. with the elastic moculi of the constituents,-’ alloy valence3'21°23 4
constituent size ratio vere not found to be followed wvell in the presenc alloys.

Concluding Rcnarks

The foregoing observations show that alkaline earths eastly form metalllic glasses in
combination with other simple metals; che data sugpest o prirce role of tte component size ratlo
in G.F. and che width uf the C.F. range. As the size ratic (s also a dominant factor {n the
forcation of the Laves phases prosent at the stoichiometry AB> in rost of the preseat aystems
(Table I), formation of the amorphons simple metal alloys contalning Mg, Ca aud St vhich
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center approximately around the composition A,B may perhaps be scen as being duc to a

comb{nation of favorable camponent
"Ant{-Laves-Fhases” {n that range.

size ratio and cemposition capable of forming amorphous
Further, thcre i{s a cluse relatfon betwcen the thermal

stabllity of these glasses and the eutectic melting tcmperatures of the corresponding alloys.

It is hoped that further study of metallic glasses

containing sfimple metals, such as the

preseat ones, will afd in obtaining a broader understanding of the glassy state in cetals.
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SUMMARY

By heat treating amorphous Ti—Be alloys in
the presence of oxygen and nitrogen an n
phase Tiz;Be;(O, N), (x = 0.5) was prepared.
Its structure was identified and its atomic
parameters were refined, The n phase is ~ubic
(W3 Fe;C-E9; type) withay = 10.713 A ; the
tit .nium and beryllium atoms have nearly
ideal positional parameters. Ti;Be;(O,N), is
the first reported n phase containing
beryllium; its occurrence and alloy chemistry
are discussed.

1. INTRODUCTION

The n phase structure type (E9; or cF112
type) {1, 2] with a range of compositions and
two principal structures characterized by the
prototypes W;Fe;C and Ti;Ni is found
relatively frequently in transition metal
phases [1]. It has the general formula
T M, X,, where T represents one or more
early transition metal(s) from the scandium,
titanium, vanadium or chromium groups, M
stands for one or more late transition metal(s)
from the manganese, iron, cobalt or nickel
groups or B metal(s) such as copper, zinc or
aluminum, and X is a metalloid such as
carbon, nitrogen or oxygen. The stoichio-
metry of n phases is variable over a wide range
both in the ratio ¢/m of the metal compo-
nents, for which 1 € ¢{/m < 2, and in the
amount of stabilizing metalloid {3, 4]; in

*Present address: Department of Chemistry,
Wilmington College, Wilmington, Ohio 45177, U.8.A.
*¢Present address: ManLabe, Inc., Cambridge, Mass.
02139, U.S.A.

some systems such as TizNi no metalloid is
required for n phase formation.

To date n phases containing beryllium (i.e.
M = Be) have not been described. In recent
studies of the annealing behavior of
amorphous Ti~Be and Ti-Zr~Be alloys |5, 6]
a new phase was observed to form which was
subsequently identified as Ti;Be;(0, N), and
which is designated n in the following. We
report here its formation and structure.

The equilibration behavior of amorphous
Ti~Be alloys [6] is fairly complex. It includes
formation of the metastable transition phase
m-TiBe (CsCl type) described previously [7].

2. EXPERIMENTAL MITHODS AND DATA
EVALUATION

Ti-Be metallic glasses were initially
prepared by arc furnace splat quenching from
the melt (8] ; the resulting foils were 10 -
30 um thick. Some ternary alloy glasses with
zirconium were also produced at cooling rates
of not less than 10® °C s™! in the form of
continuous ribbons 1 - 2 mm wide and about
30 um thick. Differential scanning calori-
metry (DSC) using samples encapsulated
under a nominally pure argon atmosphere was
carried out in a Perkin-Elmer DSC-2 calori-
meter by heating at 20 °C min™! up to about
700 °C and then cooling rapidly at 320 °C
min~!. Some samples were also examined at
higher temperatures in a Mettler TA-1 differ-
ential thermal analysis unit (DTA) in nominally
pure helium at heating and cooling rates of
15 °C min™!. In addition a temary Ti-Be-O
alloy (Tig s0B€o.¢«000.10) Was prepared directly
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TABLE 1

XRD powder pstiern of n phase TigBey(O, N), *

- v . e ame

——a e o

hk! d(A) Intensity
Obe.® Calc. QObls. Cale. (total) Calc.
400 2.678(6) 2.678 201.0 208.5 208.5
331 2.456(4) 2.458 114.5 1121 1121
;2: 2.186(3) 2.186 184.0 200.6 200 6
1 180.2
333 2.063(2) 2,061 291.0 298.7 {118.5
440 1.893(2) 1.894 98.0 109.6 109.6
:2; 1.810(4) 1.811 105 12.6 12.6
~ 1.785 2.0 1.8 1.8
620 1.694(3) 1.694 11.0 17.2 172
. 444 1.548(5) 1.546 12.0 2.4 2.4
55 6.0
71;} 1.4994(13) 1.5000 99.0 713 89
55 . 14.3
a1 1.3949(17) 1.3047 54.0 444 143
733 1.3088(14) 1.3087 51.0 467 6.7
::: 1.2624(7) 1.2625 150.0 132.8 { gg::
751 a7
855 1.2351(12) 1.2370 240 . {25_7
862 - 1.2288 | . : 0.6
840 - 1.1977 1.0 06 06
3;;} 1.1743(24) 1.1759 } 85 8.6 (33
842 - 1.1688 {06
864 1.1418(8) 1.1419 12.0 12.0 12,0
931 - 1.1230 1.0 0.4 0.4
844 - 1.0934 1.0 0.7 07
933 16.8
' .
;g } 1.0767(9) 1.0767 35.0 34.6 14
10.4
10,20 1.0504(7) 1.0505 36.0 34.7 (142
ggg. 20.5
o51) 1.0357(8) 1.0356 } 29.0 575 1 ?2.2
10,22 - 1.0308 154
983 - 0.9989 4.0 11 11
;ggz 0.9772(17) 0.9779 4.0 2.8 28
14.9
11.31; 0.9364(12) 0.9360 ‘ 0.1
%3 } 17.0 16.7 < 1.2
1044} - 0.9324 ‘ 04
882 - 0.2
10, (
P 0.9187(7) 0.9186 48.0 433 | ‘g:;
11,33 [ 2.6
T 0.9091(6) 0.9086 13.0 14.8 1129
884 (
12.00! 0.8927(5) 0.8927 34.5 31.0 284
11,51
7y 0.8836(3) 0.8838 35.5 38.7 { 3:::
}:::f} 0.8689(2) 0.8689 83.0 81.5 { fg;
f;’",a - 0.8605 - - -
12,40 - 0.8469 2.7 5.0 5.0
991 - 0.8391 2.1 1.7 1.7
12,42 - 0.8365 1.1 0.1 0.1

47
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TABLE 1 (continued)
hki d(A) Intensity

Obs.® Calc, Obs. Calc. (total) Cale.
10,82 0.8260(7) 0.8265 11.8 10.2 10.2
11,71 ) 1 2.9
11,51 36.2
293 0.8187(3) 0.8192 52.0 43.9 l 10
13,11 0.9

® The samples were prepared by heating glassy Tig 56 Beg. 44 alloy to about 1000 °C in a DTA unit under nominal-

ly pure helium (see text).

BThe numbers in parentheses are the standard deviations.

‘by arc melting a mixture of titanium, TiO,
and beryllium,

The phases present in the as-quenched and
transformed specimens were studied by X-ray
diffractometry (XRD) using filtered copper
K, and molybdenum K, radiation. The
resulting powder patterns were internally
calibrated with u-titanium lines: peaks due to
a-titanium and TiBe, were subtracted to
obtain the powder pattern of n which was
readily indexed: The positional parameters of
n were obtained by a least squares refinement
carried out directly on the intensity data [9];
this was required because of the numerous
systematic peak overlaps present in the
powder pattern of a cubic substance such as 7.

3. RESULTS

Glassy Ti-Be foils containing 40 - 45 at.%
beryllium were heated through the devitrifica-
tion temperature (about 400 °C) and through
the temperature range (about 470 - 525 °C)
where metastable m-TiBe forms and is then
present together with equilibrium «-titanium
{beryllium) solid solution up to about 700 °C
(7]1. Upon further heat treatment, ¢.g. heating
to about 1000 °C (the eutectic temperature is
1030 °C), m-TiBe transforms, producing
TiBe,, additional a-titanium and up to 60% 7.
No attempt was made to determine the
composition of n by quantitative XRD
analysis; the composition TiyBe;(0O,N), was
inferred from the unit cell volume and the
XRD intensity match discussed in the next
paragraph. The n phase was also found in the
ternary alloy TigsqBeg 40010 Prepared by arc
melting.

The crystal structure of n was unambig-

uously identified from its powder pattern
(Table 1) and confirmed by the good match
between observed and calculated line posi-
tions and intensities (fractional standard
deviation Ad/d = 1077, residual R, =

S ons ~leaic XL s = 0.089). The good
agreement between the observed and
calculated intensities in quenched foils and
ribbons indicated that there is no preferred
crystallization texture for these alloys in
agreement with previous observations for m-
TiBe {7]. In the following the standard devia-
tions are given in parentheses.

The n phase TiyBe;(0, N), is cubic with the
following properties: Fd3m space group no.
227, WyFe; C type [1 - 4], 44 = 10.713(1) A.
The 96 metal atoms are in the following posi-
tions (using the first setting (ref. 10, p. 340)
with the origin at 43m (1/8, 1/8, 1/8 from
3m)):

titanium in 48 (f): x,0,0 etc., with x; =
0.196(1);

beryllium in 32 (e): x, x, x etc., with x, =
0.829(12);

beryllium in 16 (d): 5/8, 5/8, 5/8 etc.

The oxygen and/or nitrogen atoms are in the
following positions:

(O,N)in16(c): 1/8, 1/8, 1/8 etc.; occupa-
tion factor = 0.30(11), (* 4.8 O, N atoms):

(O,N) in 8 (¢):0,0,0 etc.; occupation
factor = 0.37(14) (¢ 3.0 O, N atoms).

Owing to the low scattering power of beryl-
lium the parameter x, has a larger standard.
deviation than x,. The least squares fit is quite
sensitive to the amount of oxygen or nitrogen
present and allowed an approximate deter-
mination of the metalloid content; owing to
the low scattering power of beryllium the fit
is more sensitive to the location and number
of metalloid atoms than to the pasitional

48




214

parameters of the beryllium atoms. The
residual R, (see earlier) varies from 12%, if no
metalloid content is assumed, through a min.
imum (best fit) of 8.9%, for'about one-third
occupancy of both (@) and (c), to 18% for full
occupancy of these sites. Refinement with
metalloid atoms occupying only one of the
positions (@) or (¢) increased R,, i.e. resulted
in a worse fit.

The best fit occupation factors given above
yield 7.8 metalloid atoms per 96 metal atoms
(7.5 at.% O,N) which corresponds to the
formula Ti;Be3(O,N).4s. Considering the
method of preparation, the oxygen and
nitrogen present in the alloy was probably not
homogenecusly distributed and a further
refinement of the occupancy parameters
would not have been meaningful.

4. DISCUSSION

4.1. Metalloid content

Extended heating of the Ti-Be glass up to
1003 °C was hecessary to prepare n; this
shows that formation of n in this alloy was
the result of a slow, diffusion-controlled
process such as the uptake of oxygen and/or
nitrogen. The critical lower limit of metalloid
concentration required to form n was not
determined. Metalloid atoms are generally
needed for the formation of n-type phases as
demonstrated by the tables of representatives
of this type [1, 3] which show that only
about 10% of the representatives given are
binary intermetallic alloys.

The possible filling schemes for the
metalloid (X) sites are reviewed in refs. 3 and
4. Examples exist for the filling of the (a)
position, the (¢) position and the simultan-
eous filling of (a) and (c); however, to date
the latter case has only been observed for
type phases of compasition T,MX,, where
x =075 [11].

4.2. Mean atomic volume and atomic posi-
tions

The mean atomic volume (MAV, taken per
metal atom) of n is Viry = 12.81(2) A3; this
closely matches the value of 12.71 A3 for m-
TiBe [7] as well as the interpolated MAV for
the binary equiatomic composition (Fig. 3 of
ref. 7). This agreement also confirms the
stoichiometry of n with respect to the ratio of

titanium to beryllium.

The positional atomic parameters in n are
very close o those found in prior studies on 7
carbides such as x; = 0.195 and x, = 0.825 for
W;Fe3C [12]. Further, both sets of values are
close to those required for spherical packing
of T and M species: x; = 3/16 = 0.1875 and
x, =1/2 —(231/512)}/% = —0.172 2 0.825
{3]. Parameters obtained with different
settings or site occupation [13, 14] have been
shown to be equivalent to the present values
{3, 4, 15]. We may thus conclude that despite
the large size ratio of the T and M
components the geometry of the present 7
phase is determined by the same factors as
that of other  phases.

4.3. Interatomic separations

The interatomic separations for n are as
given in Table 2. These separations may be
compared with the separations d(Ti-Be) =
2.546 A and d(Ti-Ti) = d(Be~Be) = 2.940 A
in the isostoichiometric phase m-TiBe [7] and
with the separations 2ry.(Be) = 2.256 A and
2r,2(Ti) = 2,924 N in the elements. Compared
with m-TiBe. longer Ti-Be separations,
slightly shorter Ti-Ti separations and much
shorter Be-Be sceparations are observed in n;
compared with the elements, the Be-Re
separations are similar and both shorter and
slightly longer Ti~Ti separations are observed.

Further, the metal-metalloid separations
presented in Table 2 show that the oxygen
and nitrogen atoms are located closer to the
titanium atoms than the beryilium atoms; the
Ti~O separations of 2.040 and 2.097 A are
slightly larger than those of 1.924 and 2.014
A observed in TiO, (rutile).

4.4. Occurrence of n phase

TiyBe;3(0, N), is the first example of an n
phase T,M, X, with M = Be, The known
phases with T = Ti are shown in Fig. 1; it is
seen that metalloid additions, especially
oxygen, are required to form most of them.
The maximum atomic contact for spherical
atoms and close.packing occurs for this type
when the radius ratio ry/ry = 1.22 [3]; in the
present case rqy/rg, = 1.30 which probably
places beryllium in TiyBes (O, N), at the edge
of the range of elements M capable of forming
n phases with titanium (Fig. 1).

This size consideration may also supply the
reason why corresponding n phases do not
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TABLE 2
Interatomic separations in 17 phase TijBe3(O, N),

Atom Number of Neighbor Separation ()
neighbors
48 Ti(f) 2 Be(e) 2.60(13)
2 Be(e) 2.69(1)
2 Be(d) 2.696(7)
4 Ti 2.801(3)
e Ti 2.097(9)
14 metal atoms
0.60 O,N(e) (2 x 0.30) 2.040(3
0.37 O,N(a) (2 x 0.37) 2.09719)
»1 metalloid atom
32 Be(e) 3 Be(d) 2.30(13)
3 Be(e) 2.41(1%)
3 Ti 2680013
3 Ti 2.69(10
12 metal atoms
{no close metalloid atoms)*
16 Be(d) 6 Be(e) 2.30013)
6 Ti 2.695(7)
. 12 metal atoms
(no close metalloid atoms)?
1.8 O,N(¢) 6 Ti 204903
0.74 O,N(a) (2 x 0.37) 2.319(1)
3.0 O,N(a) 6 Ti 2.097(M
1.2 0O,N(c) (4 x0.30) 23180

SThere are no Be—(O,N)distances less thgn 3.16 A, i.e. no close Be—(O,N}neighbors.

o

(0.8}

S

Fig. 1. Table of elements M forming 1 phase T M, X,
with T = Ti and X = C, N, O or vacancy (O) as indicat-
ed. (After ref. 3 including present result for M = Be.)

form even after extended heat treatments of
Zr-Be'[16]), Hf-Be {17] or Zr-Hf-Be {17]
glasses at elevated temperatures. For these
systems rp/ry = 1.42 (T = Zr, Hf), making an
n phase at the equiatomic composition un-
favorable,

Partial substitution of zirconium and
hafniur for titanium provides further

information on the occurrence of the n phase.
This phase was aiso observed to form quite
readily upon heating of (Ti, Be)-rich Ti-Zr-
Be {18] and Ti-Hf-Be [17] glasses. The max-
imum change in the lattice parameter (a, =
10.77 A) and the MAV (Vy y = 13.0 A*) of n
phase upon substitution of zirconium or
hafnium for titanium is similar (on a frac-
tional basis) to the maximum change in the
corresponding quantities of m-TiBe upon
substitution of zirconium {7] or hafnium
{17] for titanium in that phase. Upon adjust-
ment of r for the apparent limit of substitu-
tion [7] of zirconium or hafnium for
titanium in the n phase we find r¢/ry ~ 1.31;
this is close to the value for Ti;Be;(O,N),
given above and may represent the critical
radius ratio for the formation of this n phase.
Size considerations also suggest that further
phases with M = Be may well form with T =
V, Nb, Mo and other transition metals.
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Some phases of the Ti,Ni and W;Fe,C
types have been found to be associated with
binary metal-metal glasses and metal-metal
glasses containing oxygen additions. Examples
are Ti,Ni, which occurs as an equilibrium
phase in a Ti-rich composition range of the
Ti—Ni system which readily forms glasses
(19], and n phases found after crystallization
of Nb-Ni-O and Zr-Cu-O glasses [20].

The formation of the 5 phase upon heat
treating Ti~Be and (Ti, Be)-rich ternary glasses
in the presence of an (O,N) atmosphere
confirms the need for well-controlled atmo-
spheric conditions in the thermal processing
of impurity-sensitive materials such as these
glasses.
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SUMMARY

Zr-Cu metallic glasses containing between
50 and 66.5 at.% copper were prepared in an
arc furnace quenching unit. Scanning
calorimetry was used to characterize the glass
transition temperature T,, the crystallization
temperature T, and the heat of crystallization
AH.. T, and T, were found to increase
monotonically with increasing copper content
over the composition range studied while AH,
decreased linearly with increasing copper
content: T, — T, remained approximately
constant. An exothermic relaxation effect,
qualitatively similar to that previously
reported for metal~metalloid glasses, was ob-
served over a temperature range of about
100 K immediately preceding T,.

1. INTRODUCTION

Amorphous metals (A.M.s), especially
«hose produced by splat cooling, are a topic
of much current interest {1, 2]. On a
chemical basis, one may group many of the
already reported A.M.s into two categories:
transition metal-metalloid A.M.s such as
Pd-Si [3, 4] and the Fe-Ni-P-B~C family of
metallic glasses [5, 6] (type T-X), and A.M.s
such as Nb-Ni [7] and Zr-Cu [8] which
combine an early and a late transition metal
(type T-T). In the former group a glass is
formed only in a rather narrow concentration
range (typically at about 15 - 25 at.% X),
while in the second group amorphous phases
can be retained within a composition range of

*Present address: Polaroid Corporation, New
Bedford, Mass.

tPresent address: Allied Chemical Corporation,
Morristown, N.J.
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up to 40 at.% or more. However, it is noted
that A.M.s containing no T metals, e.g. Mg-
Zn [9], have been prepared and that A.M.s
which can be considered to be mixtures of the
T-X and T-T types, e.g. Ti-Ni-8i, have also
been studied {10}]; a more comprehensive
classification has been given in ref. 11.

Because of its fundamental importance,
the thermal behavior of A.M.s, especially as
revealed by scanning calorimetry, has been
studied extensively. The thermal properties
which are catalogued are associated with the
metastable nature of the A.M. These include
the crystallization temperature T,, the heat
of crystallization AH, and the thermal
manifestation of the glass transition (a
sudden increase AC, in thespecific heat to a
liquid-like value which occurs at the glass
transition temperature T,), as well as exo-
thermic effects which have been ascribed to
relaxation effects {12]. Such thermal studies
have concentrated primarily on T-X type
amorphous metals, but limited data on T-T
type metals, especially Zr-Cu alloys which
appear to have become the canonical T-T
type amorphous alloys, have also been
reported for specific compositions [13 - 15].
Thus, structural [16, 17], electrical [18] and
magnetic {19, 20] properties of Zr-Cu glasses
have already been studied.

This paper presents calorimetric data on
Ty Te. AH. and the relaxation effects ob-
tained from amorphous Zr-Cu alloys contain-
ing 50 - 66.5 at.% copper.

2. EXPERIMENTAL

Alloys were prepared by arc melting
together 99.9% zirconium and 99.9% copper.
Amorphous alloy samples were prepared in an
arc furnace quenching unit [ 21, 22] in which
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a small molten droplet of the alloy is
quenched to a foil shape between two flat

copper surfaces. Amorphous alloys spanning

the composition range 50 - 66.5 at.z copper
were prepared; all samples which were charac-
terized thermally were previously determined
to be amorphous by X-ray diffraction.
Calorimetric measurements were made either
with a Dupont 900 calorimeter equipped with
a differential scanning calorimetry {DSC) cell
or with a Perkin-Elmer DSC-2. T, and T,
were measured as the onset temperatures of
their respective effects, defined as the tem-
perature at which the extrapolated baseline
and the steepest tangent to the peak intersect.
Generally, thermograms were taken at a
heating rate of 20 K min™!; standard
calorimetric procedures, e.g. for calibration,
were followed. Further details are given in
ref. 23.

3. RESULTS

All the thermograms for the different
alloys exhibited quilitatively similar behavior;
as an example Fig. 1 shows the output from
the Dupont unit obtained from amorphous
Zrp.50Cug60. The manner in which T, and T,
are evaluated from the thermograms is
illustrated in the figure. It is seen that an
exothermic “relaxation” effect (A) precedes
a weli-defined glass transition (B) which is
followed by one or more exothermic peaks
due to crystallization (C); each of these
effects will be discussed later.

3.1. Glass transition

The glass transition temperatures which
were obtained using the Dupont unit for this
series of alloys are shown in Fig. 2. T, is seen
to increase monotonically with increasing
copper content. A similar compositional de-
pendence of T, was obtained from different
samples prepared at a later time and measured
with the Perkin-Elmer unit; comparison of
the two data sets suggests that the small
fluctuations of the observed T, from a
smooth curve are not real. Values of AC,, of
about 4 - 5 cal mol™! K™! (beyond the
negative deviation due to the relaxation
effect) were observed; this value decreases
somewhat at the high copper limit of the
composition range studied, although this is

s wd

EXOTHERMIC - == AT — = t NDOTHE itNIC

R
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Fig. 1. Thermogram from Dupont unit for
Zrg.49Clg o scanned at 20 K min~!. The signal
which would be obtained from the extrapolated low
temperature specific heat is shown by a broken curve;
the observed slope and curvature reflect primarily the
shape of the baseline. The thermogram exhibits an
exothermic relaxation A, a glass transition B and a
crystallization exotherm C. Also illustrated is the
manner in which the glass transition temperature T,
and the crystallization temperature T, are cdeter-
mined.
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tion AH, obtained from the Dupont unit with a
scanning rate of 20 K min ™",
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resumably due to the onset of crystallization
iefore the full AC, was observed, i.e. a rela-
vely lower T, — T,.

.2. Relaxation effect
The thermal manifestation identified as a

relaxation effect is visible over a temperature
range of about 100 K immediately preceding

1e glass transition for a scanning rate of
-0 K min~. It was found that the magnitude
of the relaxation effect could vary somewhat
" om sample to sample of the same composi-

on, presumably owing to the different
thermal histories (i.e. temperature-time
relation during quenching) of the different

umples. If the sample is heated past relax-
«iion to the glass transition and then cooled
rapidly in theé calorimeter before crystalliza-
on occurs, no exothermic relaxation effect
: observed in the second heating scan, i.e. the
relaxation went to completion during the first
-7an; this is consistent with the observed
ariability of the relaxation effect for differ-
ent as-quenched samples of the same com-
position.
Typically, the relaxation results in the

eduction of the apparent C, by 1 - 2 cal
mol™! K™!: the energy associated with the
elaxation, obtained by extrapolating the low
emperature specific heat to the glass
transition, ranged from about 50 to 100
cal mol™!. Given the variability between
amples, no systematic compositional depen-
Jdence of the relaxation behavior on com-
position was apparent.

+.3. Crystallization behavior
The crystallization temperatures T, and
-heats of crystallization AH, are also shown
n Fig. 2.
Like T,, T. is seen to increase with increas-
ing copper content. The difference between
" and T,, previously related to the
juenchability of the glass [6], is seen to be
approximately constant with composition.
The line drawn through the T, points has the
:ame shape as that through the T, points; the
somewhat greater fluctuations about this line
. for the T, points than for the T, points may
' eflect in part the different thermal histories
: .f the samples which can affect the ease of
crystallization.
The AH, values range from 880 to 1300
- =al mol™! and exhibit a linear dependence
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on composition, although AH_ on the one
hand and T, and T, on the other change with
composition in opposite directions. For some
alloys, a second much smaller exothermic
peak was observed at somewhat higher tem-
peratures; the reported AH, values represent
the total heat release.

4. DISCUSSION

It is believed that Zr-Cu is the only inter-
transition metal binary glass forming system
for which a well-defined AC,, associated with
the glass transition has been reported; e.g.
amorphous Nb-Ni [24, 25] and Ti-Ni [10]
alloys do not exhibit this effect. The glass
transition temperature is of major theoretical
interest since it is an intrinsic property of the
amorphous phase, i.e. it is not related to a
first order transition between phases as is T.
This characteristic of amorphous Zr-Cu alloys
makes them ideal for a study of the changes of
T, with composition as various elements are
added; such data have recently been ob-
tained [26].

The data reported here are in good agree-
ment with the observation®of a T, of about
450 °C for Zrg4Cuggo [13]). However, our
data are significantly different from the values
of ref. 14; their value for T, for Zrg 50Cuqso
of about 740 K is about 60 K higher than our
value of T, for the same composition
(although they presumably used the midpoint
definition of T, {6]; if so, the difference
would be reduced to about 50 K). Recent
observations [25] of substantial increases of
T, at small levels of metalloid additives such ;
as oxygen may be relevant in this context. |
Most importantly, we see no evidence for a
relative maximum or break in T, at about j
60 at.% copper as was indicated in ref. 14;
our data are approximately linear over this
region. However, an eventual downturmn of T,
as the Cu content increases is not unexpected
since extrapolation of the T, data of Fig. 2 to
pure Cu gives a number which is unreasonably
high relative to the melting temperature

. of Cu. :

It is noted that T, for the Zr-Cu alloys
does not scale with the liquidus temperature
nor with the thermal properties of the
elements (the heat of vaporization and
melting point of elemental copper are lower
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than those of zirconium). In contrast, copper
has a higher Young's modulus E than
zirconium. Previous studies have shown a
correlation between E of the glass and E of
related crystal phases {27, 28] and E of Zr-
Cu glasses is indeed observed to increase as
the copper content increases [14, 13},
although more data would be desirable to
determine whether or not the relative maxi-
mum in E at about 60 at.% copper shown in
ref. 14 exists. A correlation between T, and E
of the glass has been suggested before {14],
and a discussion of this correlation will be
given elsewhere [29].

For the Zr-Cu alloys reported here T,
scales closely with T,, suggesting that the
micromechanisms of both processes may be
controlled by similar interatomic forces in
this composition range for this alloy system.
However, this scaling cannot be generalized
since T, and T are often observed to have
different dependences on temperature, i.e.
temperature coefficients, for selected com-
position ranges; this is implicit in the ob-
servations that the value of T, — T, can
vary significantly “for compositions for
which all intermediate compositions are
also glass forming {6] and that a glass tran-
sition may or may not be seen [6]. While
(T, — T)/T, is generally small, T, and T,
are equivalent only in a first order approxi-
mation; they represent different processes
which need not scale together. Thus care
must be exercised in using them inter-
changeably.

The values of the heats of crystallization
are in the range typically measured for T-X
type glasses, e.g. 1.13 keal mol™! for
PdogoSi [4] and 1.01 kecal mol™! for
Feo_wNio_mPo_l.;Bo_oG [6] . The value of AHc =
1.26 kcal mol™! reported in ref. 13 for
Z2rg40Cuggo is higher than our measured
AH, = 1.04 kcal mol™! for the same com-
position; we note, however, that the present
value is consistent with the other AH values
of this study.

The exothermic relaxation effect has
previously been studied for Pdg y55Cup.06Sio.165
and Pdg 4¢ Nig 33 P 20, Where the heat of relax-
ation was found to be 190 and 250 cal
mol™! respectively for melt-spun ribbons
[12]. Such ribbons are expected to have
experienced a quench rate similar to that
produced by the arc furnace quenching unit

-
Ty N R TR,

used to prepare our Zr-Cu samples which
showed a significantly lower heat of relax-
ation, i.e. 50 - 100 cal mol 2. Given the
previous data on the T-X glasses and the
present observations on T-T glasses, it is
likely that such relaxation effects will
generally be found for amorphous metals.
\While the overall relaxation behavior for
Zr-Cu is similar to that found for Pd-Si
glasses [12], we have found no indication
of a substructure to this peak similar to that
found in Pd-Si glasses and taken to indicate
two different types of relaxation pro-
cesses [12].

Finally, we note that additional details of
the relaxation effect and the effect of low
temperature annealing on the crystallization
exotherms of Zrg 4Cuggo are given in ref. 23
and are available from the authors. Also, the
glass forming region in the Zr-Cu system is
larger than that studied here; in a previous
study [30] using splat cooling the formation
of the amorphous phase from 33.4 to 70 at.%
copper was observed.
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‘Measurement of Young’s Niodulus on Small r‘
Samples of Amorphous Metals Using the
Impulse Induced Resonance Technique

S. H. WHANG, L. T. KABACOFF, D. E. POLK, AND BILL C. GIESSEN

An impulse indused resonance technique capable of measuring the velocity of an ultra-
sonic extensional wave on a short (~1 cm long) ribbonlike sample has been applicd for
the first time to the study of glassy metals: the Young’s modulus E was calculated {rom
this velocity and the density. This technique is especially useful for measuring £ on
amorphous metal samples produced by the piston and anvil technique for rapid liquid
quenching: standard techniques for measuring E are not readily applicable to such
samples because of their small size. Dctails of the technique are given. and the dimen-
sional limits necessary to avoid dispersion etfects are discussed. The results agree well
with those obtained by ‘‘pulse-echo’’ measurements on long ribbons. The Young’s moduli
of two metallic glasses most readily prepared with the piston and anvil quenching tech-

nique are reported.

RECEN’I‘LY, there has been increasing interest in
the Young's modulus (£) of metallic glasses, in par-
ticular the relationship of £ to other mechanical prop-
erties such as the yield strength and microhardness of
the glass as well as to thermal properties such as the
glass transition or crystallization temperature. Recent
measurements of E for metallic glasses'’* have gen-
erally been made by the *-pulse-echo’’ technique in
which an extensional ultrasonic wave pulse is intro-
duced into a ribbonlike sample (typically many centi-
meters long) produced by rapid quenching of the liquid
using a melt spinning process.** The velocity Vg of
the extensional wave is determined by measuring the
time required for the pulse to travel down the ribbon
and return after reflection irom its end. E is then
given by nV} (Ref. 5), where p is the density of the
sample.

The arc-melting piston and anvil technique® is

another rapid liquid quenching technique which has been '

used to prepare samples of a wide variety of metallic
glasses. Further, this method has been utilized to
produce amorphous metal samples for compositions
which caninot as readily be made amorphous by melt
spinning because, ¢.g., the quench rate achieved by
melt spinning under standard conditions is too low to
prevent crystallization (as for Tig.aoNio.01sSig.1ss)’ OF the
high melting point of the alloy (e.g. Tao.sssIre.es)® or its
chemical reactivity produces a severe crucible problem
for the melt spinning process. However, the circular
foils produced with the piston and anvil technique are
generally less than about 2 ¢cm in diam., and application
of the conventional pulse-echo method to the short
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ysis, Applications and Forensic Science and Professor of Chemistry,
Northeastern University, Boston, MA 02115,
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strips cut from such foils is difficult because of echo
overlap and resonance effects. An alternative approach
is to use the pulse-echo technique with a much nar-
rower pulse width and mHz frequencies, but this is noct
readily applicable to samples having the dimensions
characteristic of our samples because of dispersion
effects.

The ‘‘vibrating reed’’ technique has been used to
determine E from short ribbons,’*® but this technique
generally produces much less precise results, e.y. the
uncertainty in the accuracy of a measurement of E by
this method was estimated to be 10 pet.'° Further,
the values produced by this technique are highly sen-
sitive to variations in the sample thickness,' so that
it is especially unsuited to piston and anvil quenched
samples. ’

Thus, an accurate method for measuring ¥z on sam-
ples having lengths of about one cm. typical of samples
readily produced by the piston and anvil technique,
would be very useful. The “*impulse induced reso-
nance’’ technique, developed by K. A. Fowler'! and
applied, ¢.g., to the measurement of Vg of short sili-
con carbide whiskers,!? is such a method, and we have
applied it to the measurement of E of short, ribbonlike
metallic samples, as previously reported in a letter.”
In the present p~per we describe this method and its
application in detail. We have confirmed the accuracy
of the impulse induced resonance technique by com-
paring Vg obtained by this method from smail samples,
cut from both piston and anvil quenched foils and meit
spun ribbons, to Vg measured by the pulse-echo
technique on a longer melt spun ribbon. As an exam-
ple of the utility of the impulse induced resonance
technique, we present V¢ data obtained from piston
and anvil quenched metallic glasses having the com-
positions mentioned above.

EXPERIMENTAL METHODS AND
DATA EVALUATION

Velocity Measurements

A schematic of the experimental setup used for the
velocity measurement in both the pulse-echo (PE} and
impulse induced resonance (IIR) modes is showa in
Fig. 1. The ribbonlike sample is glued to the end of a

ISSN 0360-2133 79 1112-17%9400.75 .0
< 1979 AMERICAN SOCTETY FOR METALS AND
THE METALLURGICAL SOUILTY O AIME

METALLURGICAL TRANSACTIONS A

VOLUME 10A, NOVEMBER (979 1789

57




Ponomerrics 5055
Puiser - Recever ]

Serkeiey Nucleoncs 7055
Digital Delay Generator

9ate trig.

: o,

Osciijgscope

Remendw Deloy Line

/ | vert.

somple —e A
8

Fig. 1-Schematic of experimental setup used for velocity measurement.

ext. trig.

magnetostrictive Remendur delay line with Duco
cement. A broad-band sound pulse is introduced into
the delay line by means of a Panametrics 5055 Pulser-
receiver and a transducer. With a transducer coil
length of 1.27 cm, most of the energy is concentrated in
the range from 80 kHz to 160 kHz with a maximum in-
tensity at about 100 kHz.'*

The pulse travels down the delay line and, at the
interface between the rod and the sample, part of the
pulse is reflected back towards the transducer and part
is transmitted into the sample. The reflection coeffi-
cient R at the interface is given by:

Pyoan _(2,-2Z,)
R=(FV" - FT7)

where P, and P; are reflected and incident power
respectively, Z = pVgA is the acoustical impedance.

p is the density, Vg is the velocity of extensional waves
and A is the cross-sectional area.’ The subscripts
refer to the media on either side of the interface, with
medium 1 carrying incident and reflected pulses and
medium 2 carrying the transmitted pulse. A negative
value of R implies phase reversal. That portion of the
pulse which enters the samp!le is reflected from the
free end of the ribbon back towards the interface where
part is reflected back into the sample and part is
transmitted towards the transducer. Pulses returning
to the transducer coil produce a voltage therein, this
voltage being amplified by the pulser-receiver and dis-
played on the oscilloscope.

In the pulse-echo technique, one measures, at the
transducer, the time interval ! between the arrival of
the pulse reflected from the interface and the arrival
of the pulse reflected from the end of the sam-
ple. For our PE measurements, this is done with a
Berkeley Nucleonics digital delay generator using a
procedure described below, One then determines the
velocity of sound in the sample from the relation 2L
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= Vgt, where L is the lcngth of the ribbon. (In practice,
we measured the change in this time ¢ related to a
change (about 10 ¢m) in the sample length in order to

eliminate the effcets from the glued, nonideal rod- [
sample interface.) When the sample length becomes .
less than approximately twice the length of the trans- I

ducer coil, the cchoes overlap, making time measure-
ments uncertain or impossible.

The impulse induced resonance technique’? is based
on the fact that, under certain circumstances. an
extensional mode resonance can be initiated by the
incoming sound pulse; the conditions controlling tais
resonance mode arc discussed in the following. When
the impedance of the delay line is greater than that of
the samplie (the condition used in our measurements),
resonance occurs when Vg and L are such that the
length of the sample corresponds to one quarter of the {
wavelength for one of the frequencies fgp contained in X
the pulse, i.e. when, '

4L
VE = MR = 4LfR =+ Zgeay tine > Zsample’ ]

where T is the period of the resonance. In this case.
a wave traveling through the sample undergoes phase
reversal upon reflection from the free end, but no
phase reversal upon reflection from the interface with
the delay line. On the other hand, if the impedance of
the sample is greater than that of the delay line, phase
reversal will occur upon reflection at both ends of the
sample. Then, the velocity is given by:

2L
VE = F (gelay line < “sample’
In either case, the resonating sample introduces back
into the delay line a sinusoidal stress wave which is
detected at the coil and displaved on the oscilloscope:
the period T can then be measured from this damped
sine wave.

As mentioned earlier, the frequency spectrum of the
transducer coil which was utilized was concentrated
between 80 and 160 kHz, so that this is the frequency
range available for resonance. Since the amplitude of
the sine wave due to resonance increases as the in-
tensity at the exciting frequency increases, a samg!e
length having a resonance for a frequency of about 100
kHz (the frequency of maximuin intensity of the initial
pulse) is desirable in order to increase the accuracy of
the measurement. Further, the amplitude of the reso-
nance also depends on the degree of impedance mis-
match between the delay line and the sample. The
optimal sample length L is ~10 mm (from L = \/4
= Vg/4f with f = 100 kHz ané Vg = 4 x 10° cm/s, as is
typical for the samples of interest),

Figure 2 shows a resonance pattern typical of that
obtained from the short samples. The two different
step functions superimposed on the sine wave are used
to measure the period of the resonance, as discussed
in the following.

The Berkeley Nucleonics digital delay generator
produces a voltage *'step pulse’’ of known duration,
adfustable to 10 ns, thus providing an accurate mea-
sure of time. The pulser-receiver simuitaneously
activates the transducer (introducing the sould pulse
into the delay line), the delay generator and the os-
cilloscope. The delay generator then produces the
step pulse, a congtant output of ¢ V for a prese-
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Fig. 2—A section of a typical resonance pattern shown with two
ditferent voltage steps, corresponding to the ends of two voltage
pulses of different duration produced by the digital delay generator,
superimposed thereon. As shown, the time difference of the
duration of the two pulscs is equal to four periods.

lected time interval, at the end of which the output
voitage is reduced to 0. Using a dual input oscilloscope,
one can superimpose the resonance signal and the
‘‘cutoff’’ voltage step from the delay generator, as
shown in Fig. 2. The duration of the step pulse is
varied until its cutoff point corresponds to a selected
point on the resonance curve, most conveniently the
cross-over point as shown in Fig. 2, and the corre-
sponding time (i.e. step pulse duration) is recorded.
The duration of the step pulse is then changed to make
the cutoff step colncident with the equivalent point on
the resonance curve for a different cycle, i.e. toa
point separated from the first by an integer number of
periods. The period is then the time ditference between
the step pulse durations divided by the number of cycles
separating the equivalent points which were chosen. In
Fig. 2, the step has been moved by four cycles: mea-
surements over a large number of cycles (10 or more)
were used to increase the accuracy of the determina-~
tion of the period. (In the PE technique, step pulses

of different duration were utilized in a similar way to
measure the time difference between distinct echoes.)

METALLURGICAL TRANSACTIONS A

As noted above, a typical resonance period is 107 s.
If measurements arc made over ten periods, the muxa-
nmum error is 24 x 10 s, or 0.04 pet. In practice, the
major contribution to the error in our measurcment of
Vg is the uncertainty in our measarement of length.

In the present study, the length of TIR samples (typi-~
cally ~1 cm) was measured with a traveling micro-
scope with a maximum error of +0.002 cm, or 0.2 pct,
for a single measurement.

Sample Preparation and Attachment

The Metglas 2826A sample (Niy 5 Feo.32Cro.14Po.12
Bo.os) was obtained {rom Allied Ci:cmical Corporation.
Other alloys were produced {from high purity elements
in the arc-melting furnace and quenched using melt
spinning and arc-melting piston and anvil processes.

Melt spun ribbons were generally about 2 mm wide
and 25 to 50 um thick. Foils prepared by the piston
and anvil technique were typically ~2 c¢m in diam, and
different samples ranged from 20 to 50 um in thick-
ness. Samples were judged to be amorphous when
X-ray diffraction patterns, taken using Mo K, radia-
tion, exhibited only the broad peaks typical of amor-
phous metals. For the PE technique, the edges of the
melt spun ribbon were generally sufficiently regular
So that the ribbons could be used in their as-spun con-
dition after being cut, perpendicular to their length,
to the chosen length. For IIR measurements, both rib-
bons and foils were cut and polished to rectangular
strips, typically ~10 mm long and ~0.5 mm wide.

The samples were attached to the end of the delay
line using Duco cement. A rig was designed to hold
the sample abutting firmiy against the delay line while
the cement was applied and dried. For the resonance
technique, it was found necessary to have the sample
held uniformly against the delay line (otherwise the
regular, sine-like resonance pattern was not observed)
and to use 2 minimal amount of cement (a shift in the
period was observable when excessive cement was
used).

It is necessary that the ribbon samples have a width
sufficiently narrow to avoid dispersion effects (i.e.
dependence of the velocity on ). For example, the
phase velocity V for an extensional wave in a circular
bar iss approximated by the Pochhammer-Chree rela-
tion:

V= {1 - 1/42%0*(d/N*}VE (for d/\ < 0.4)

where ¢ is Poisson’s ratio, A is the wavelenth, and d
the diameter of the bar; i.e. the cbserved velocity is a
function of frequency and sample dimensions. For a
typical 7 = 0.35, &' = 0.1 would produce a V/Vg

= 0.997, i.e. a 0.3 pct reduction in velocity.

For our PE measurements, 4/ values of ~0.05 were
typical, where d is now taken as the sample width. For
such samples, no degradation of the sharpness of the
pulse from dispersion effects could be seen and the
measured vclocity was independent of smail changes in
the sample width.

For IIR measurements, 2 somewhat smaller d/»
value, i.c. &/ of the order of 0.01, was found necessary
in order to make the measured period independent of
the sample width. For some wider sampies, the period
of the sinusoidal pattern changed slightly as a function
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of cycle number, and the average period measured from
such a pattern did not correspond to the true V¢ for
that material: therefore, in addition to measuring the
time for about ten cycles {(preferably from about cycle
3 to cycle 13) to achieve high precision in the mea-
surement of T, the period was also measured for each
cycle in that interval to confirm that T was indeed
constant for the pattern. [t is noted that a smooth reso-
nance pattern like that shown in Fig. 2 is required to
obtain a valid Vz. In some cases, the ‘‘resonance’’
damped out much more quickly than in Fig. 2 or was
superimposed on a longer period oscillation, or the
amplitude of each peak did not decrease at a constant
rate; such patterns did not produce a correct Vg.
Other experimental difficulties, ¢.¢. a sample which
was improperly attached to the delay line, a sample
wherein either end was not cut perpendicular to the
ribbon direction or a sample which was internally
nonuniform, could also lead to a very irregular ‘‘reso-
nance’’ pattern. In practice, the validity of the V¢
measured by the IR technique was assured by making
measurements on different samples, including samples
of different widths.

Because samples made from piston and anvil foils
were not always uniform in thickness, the effect of
variations in the cross-sectional area was checked by
deliberately tapering the width of a number of samples
by up to 30 pct, a percentage variation greater than
that encountered in the as quenched samples. It was
found that, for samples where d/x = 0.5 mm/40 mm,
such tapering produced no measurable change in the
measured value of T, and hence V.

~

Density Measurements

Densities were measured using the Archimedian
principle by weighing samples both in air and im-
mersed in toluene. Measurements of the density of
amorphous Cug z:Zr,.3s Were made directly on amor-
phous ribbons. For the Ti, soNio.015510. 108 and Tag .88
Iro wms alloys, the densities of the amorphous alloys
were assumed to be 1.0 pct lower than the values for
the corresponding crystalline alloys, which were mea-
sured. This is a density difference typical of our mea-
surements in the Zr-Cu system;’® since an accurate
measurement on the small samples obtained from
piston and anvil foils is difficult, use of an amorphous
density estimated in this manner was preferred. The
density of Metglas 2826A ribbons was measured here
and had also been previously reported.'

EXPERIMENTAL DATA AND DISCUSSION

Representative Vz values obtained with the IR
technique are given in Table I as well as, for com-
parison purposes, some ¥y values obtained with the
PE technique. Also given are the measured density
valuvg; and the Young’s moduli calculated from E
zp .

To confirm the validity of the IIR technique, V¢ valueg
were measured on melt spun ribbons hoth by the PE
technique and, using small samples (about 1 cm long)
cut from the same ribbon, by the OR technique. This
was done for both amorphous Zr, sCug ¢s (lines 1 and
2, Table 1) and Metglas 2826A (lines 5 nad 6, Table 1).
It can be seen that the IIR technique produced the same
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Tabie |. Properties of Metaitic Glenies
v, ] £ ]
00%mis) (107 kg'mSy (107 & )
Alloy Method  (10° cmys) (giem®) (10" Jyneium®y ,
1 Ty 35C0g s PE 347 9.4 '
{meit spun)
1.76
2) Ztg.34Cu0 08 R 347 9.34
(melt spun)
3) Zrg.3stug.es nR 3.47 7.76° 9.34
(p1ston and anvil)
4) Metglas 2826A PE 434 7.46 14.05
(Ref. 15)
5) Metglas2826A PE 434 14.11
7.49
6) Metglas 2826A R 4338 14.17
7) Tao.ssslto.ees IR 298 19.041 1691
8) Tio.mNig.oisSio.cas JIR 478 4441 10.02

© Assumed to be equal to the density of the amorphous melt spun nbbon of
this compostion.

y The indicated density for the glass was assumed to be 1.0 pet less than
that of the crystalline alloy, which was measured.

value as the PE technique in both cases. Both sets
of values are the average for several measurements,
though in each case the scatter is small; ¢.g. repeated
PE measurements on different samples from the Met-
glas ribbon gave a V' range of 4.34 + 0.02 x 10° cms,
while repeated IR measurcments gave a2 ¥z range of
4.34 £ 0.04 x 10* cm/s. In addition, the measured values
of Vg for the Metglas samplcs agree well with the
previously reported value (line 4) for this alloy, though
this very good agreement may be fortuitous since it
is not known whether or not our 2826A sample came
from the same ‘*batch’’ as that in Ref. 16, and, if not,
what the variations from batch to batch typically might
be.

To confirm the suitability of the IR technique for
the measurement of Vz on piston and anvil samples,
it was applied to piston and anvil samples of Zr,.ss
Cug ¢s made from the same master alloy as the meit
spun ribbon. It can be seen (Table I) that the Vg mea-
sured in this way is the same as that measured from
the ribbon, though the exact agreement may again be
fortuitous.

As examples of special utility of the IIR technique,
VE values from two additional aniorphous metals are
given in lines 7 and 8 in Table I. Ta, sssIla.qqs has a
liquidus temperature of ~1950°C;" thus, though this
alloy is readily produced as a metallic glass by the
arc-melting piston and anvil technique.? the rather
high melting temperature makes standard melt spinning
procedures difficult. For Tig wNiy.01sSis.1as, the corro-
siveness of the liquid and the high quench rate needed
to produce the glass™ make the piston and anvil
technique the method of choice for producing this glass
from the liquid. For such piston and anvil samyples,
the IIR technique provides a usetul capability.

As discussed earlicr, good reproducibilitv was ob-
tatned in the mecasurement of Vz by both the IR uand
PE techniques. Typically, Vg for a given sampie can
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be determined to 0.2 pet, where the measurement

of sample length produces the major part of this un-
certainty. E valucs are somewhat more uncertain, be-
cause of uncertainties in the density values, but are
considered to be accurate to somewhat better than

+1 pct.

In evaluating the accuracy of elastic constants ob-
tained by such measurements, it should also be con-
sidered that the measured value of Vg for an amor-
phous alloy of a given composition can vary because
of variations in the internal state of the system. It is
known that a ‘‘relaxation’’ can occur in a metallic
glass upon annealing,'®' wherein the structure re-

" miains fully amorphous but relaxes to a lower energy

state. This is known to produce a small change in the
elastic moduli of the glass, typically of the order of
1 or 2 pct.”* Similarly, samples having different
thermal histories from being quenched at very dif-
fercnt cooling rates can also exhibit variation in the
moduli.

Even more of a potential problem arises from the
fact that the Young’s modulus typically increases by
about 30 pct upon crystallization.* Since the X-ray
diffraction patterns may not readily indicate when up to
~5 pct of the sample exists in an ultrafine ¢rystalline
state, a modulus up to about (0.05) x (0.30) = 1.5 pct
higher than that for the fully amorphous state could be
measured on a sample that was mistakenly believed
to be fully amorphous. This would be most likely to
occur for a composition which was difficult to quench
to a glass, i.e. one requiring a high quench rate, and in
fact an unusually large variation in the value of Vg
measured from different samples was observed in some
such cases. This problem can be especially severe for
the piston and anvil samples where di ‘erent parts of
the foil may have been quenched ai different rates. To
minimize this possibility, Vg values were measured
on several samples cut from different piston and anvil
foils, and the measured Vg value was considered valid
when a variation of no more than :1 pct was obtained.

METALLURGICAL TRANSACTIONS A
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‘LETTERS

Letters

A technique for the measurerment of
Young’s modulus of small metallic glass
samples

Metallic glasses are frequently prepared by the arc-
melting piston-and-anvil quenching process [1];
for refractory or reactive metallic glasses [2, 3],
where melt spinning is not readily applicable, this
technique is presently the principal preparation
method. It produces small alloy discs from which
rectangular samples with typically ~ 1.5 cm length
can be cut. These sampies are too short to allow
precise measurements of the sound velocity Vg
(and thus the Young’s modulus £ from the relation
E = pV2, where p is the density) by the ultrasonic
pulse echo (P.E.) technique now. generally used
for dynamic measurements on long melt spun
metallic glass ribbons; accordingly, £ values have
not been reported for such alloys. It is obvious
that short samples are also unsuitable for s:ati:
determinations of E.

Ve have applied the impulse-induced resonance
(11.R)) technique developed by Fowler and co-
workers [4,5] to such short glassy metal specimens.
This technique uses the same experimental arrange-
ment as that used by us for P.E. measurements
of Vg, although our technique for measuring time
for P.E. measurements differs from that typically
used. An alloy sample is attached to a magneto-
strictive Remendur delay line into which a broad-
band sound pulse is introduced by a transducer
connected to 2 Panametrics 5055 Pulser-receiver;
the latter also activates a Berkeley Nucleonics
digital delay generator and an oscilloscope. The
physical measurement, however, differs in the

TABLE 1 Properties of metallic glasses

two methods; instead of determining the time
required for the pulse to traverse the sample, as
in the PE. method, in the LIL.R. technique one
initiates an extensional mode resonance in the
sample; from the (measured) period T of this
resonance and the length of the sample, Vg and
hence £ can be derived for samples of ~ 10 mm
length. With proper procedure (uniform and
narrow samples and correct specimen attachment)
reproducible well-shaped resonance patterns are
obtained which lead to T values precise to + 0.04%.
The uncertainty in Vg is primarily due to the
measurements of the sample length and is * 0.2%,
about equal to that for P.E. data, giving an un-
certainty of £ 0.4% in £ from V. An uncertainty
in E of the same order of magnitude is due to the
density measurement on the available small sample
quantities. (It should be noted that the LLR.
technique is distinct from the ‘vibrating reed”
method {6] . The latter is also unsuitable Jor short
piston-and-anvil glass samples, as a uniform sample
thickness is required; the accuracy of £ obtaired
with the vibrating reed technique is estimated to
be ~ 10% [6].)

As shown in Table I for Zry 3Cupes, VES
measured by the 1.1.R. method on a short, narrow
strip from a piston-and-anvil sample and by the
P.E. method on a melt spun ribbon are in close
agreement, illustrating the validity of I.LR. results.
Also shown are results obtained from two other
amorphous metals which are more readily prepared
by the piston-and-anvil quenching process than
by melt spinning. Melt spinning of amorphous
Tig goNig.40 is not readily accomplished because
of the reactivity of this alloy (i.e. the resultant

Measurement Ve R E
method (10 cmsec™*) @em=?) (10" dynem*?)
Z1,,5,Cuy s LLR. 3.47 1.76* 9.34
(piston-and-2nvil)
Zry,55,Cug 44 P.E. 3.47 7.76 9.34
(melt spun)
Tig.e0 Nio 40 LLR. 4.03 5.90 9.58
Nby 45 126.4s LLR. 3.27 14.09t 15.06

* Assumed cqual to that measured from the melt-spun ribbon.
Assumed 1o be 15 less than that of the corresponding crystalline alloy.
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interactions with the crucible) and the high
quench rate necessary to achieve the fully
amorphous state; melt spinning of Nby s5lrg 4
is difficult because of the high liquidus tempera-
ture of this alloy.

A comprehensive description of the LILR.
method, its application and limitations, and further
data obtained with it will be published subse-
quently [7]; in the meantime, experimental details
can be obtained from the authors.
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Thermal expansion of gallium borate

Recently, Bither and “Young [1] synthesi:cd a
number of borates under high pressure and high
temperature conditions, and found that they
belong to R3C space group and are isotypic with
the calcite structure. A perusal of the literature
shows that the thermal expansion of gallium
borate which has the same structure as calcite, has
not been so far studied. As the authors have
determined the precision lattice parameters and
the coefficients of thermal expansion of a number
of carbonates [2—5], nitrates [6, 7] and borates
{8, 9], it is thought worthwhile to include the
borates synthesized by Bither in the general
programme of X-.ray investigation on calcite-type
compounds.

The sample used in the present study was
kindly supplied by Professor Bither, Central
Research Department, E.I. du Pont de Nemours
and Company, Experimental Station, Wilmington,
Delaware, USA. It was found necessary to heat the

sample to 600°C to obtain well-resolved sharp
lines in the high-angle region. The sample for
stucy was prepared by fliliag the powder in 2 \nin
walled quartz capillary. Using CuK radiation,
powder photographs at different temperatures
were recorded in the temperature range 38 to
900° C. Temperature control was facilitated by the
use of voltage stabilizer and a variac. The tempera-
ture could be held constant within about 2°C.
Details of the experimental technique and the
method of evaluating the precise lattice parameters
and the coefficients ot thermal expansion has been
described in an earlier paper [2].

Reflections from (1.2.14), , (1.2.14),,,
(2.2.12),,, (2.2.12),,, (416)s,, (416)q,,
(329)4, and (329),, in the Bragg angle region
65° to 80° were used to evaluate the lattice
parameters at different temperatures. In evaluating
the lattice parameters independent measurements
and calculations were made on several films and the
average of the deviations of the individual values
from the mean was taken as the error in the lattice
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The Niobium (Columbium)-Palladium
Constitution Diagram

734

B. C. GIESSEN, N.J.GRANT, D. P. PARKER, R, C. MANUSZEWSKI, AND R. M.

WATERSTRAT

The Nb-Pd system was investigated over the entire composition range by metallography
and X -ray diffraction analysis. The solubility limits of terminal and intermediate
phases and solidus temperatures were determined. a-Nb dissolves ~ 36 at. pct Pd at.
1520°C and ~ 20 at. nct Pd at 800°C; a-Pd dissolves ~ 31 at. pct Nb at 1610°C and

~ 18 at. pct Nb at temperatures below 1500°C. The presence of three intermediate
phases NbPd; (MoPt.-type), a-NbPd; (TiAl;-type), and 3-NbPd, (3-NbPd,-type) was con~
firmed: NoPd, melts at 1610°C and one of the NbPd, phases transforms at the same
temperature into a-Pd solid solution which melts at 1625°C. In addition, an approxi-
mately equiatomic high-temperature phase a-NbPd with a2 homogeneity range of ~ 11 at,
pet was found which melts at 1520 to 1565°C and probably is an extension of and
isomorphous with the a-Pd solid solution. Five three-phase reactions are described, and

crystal chemical relationships are discussed.

IN the course of an extended study of the phase dia-
grams of refractory metais, a number of Ts-T1o
systems, i.c., binary systems composed of one of the
T, transition metals V, Nb, or Ta on the one side and
one of the T, metals, Pd or Pt, on the other, have
been investigated in a collaborative effort. Of the six
systems thus defined, studies of the V-Pt system,’
the Ta-Pd system’ and the Pt-rich portion of the Ta-Pt
system® have already been presented; for V-Pd a
phase diagram is given in the literature.' The present
paper reports the Nb-Pd system: the remaining sys-
tem, Nb-Pt, will be reported in a subsequent publica-
tion.

Early surveys of the Nb-Pd system are due to
Greenfield and Beck® and Knapton:® crystal chemical
surveys of intermediate phases were made indepen-
dently by Giessen, Parker and Grant’ (also reported
in Ref. 8) and Maldonado and Schubert:® Pd(ND) ter-
minal solid solutions were studied by Kudielka-
Artner and Argent'® and Catterall and Barker:" in-
dividual intermediate phases were reported by
Dwight™? and Giessen and Grant:'’ phase diagrams
were worked out by Savitskii ¢t al,'* Parker,” and
Bowers'® (only the first of these has been published):
reviews were given ¢.g. by Shunk'’ and Pearson.'

The following alloy phases were reported: terminal
solid solutions with extensive mutual solubilities:"s"
a o phase at ~ Nb,Pd>"***%+!% or as a high-tempera-
ture phase at Nb,Pd,® (however, in contrast to this,
no ¢ phase was observed by Knapton®); a low tem-
perature phase Nb,Pd, (NbRu structure type):® an
unidentified high temperature phase a-NbpPd’ or
Nb, Pdy:'® NbPd,’r% 42" (MoPt,[= NbPt,| structure
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Professor of Materials Science and Engineering. Massachusetts Institute
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type9,1:l): Nbpd;,a,g,n,u,u,u or a'-Nbde’ (Tml:l
type™**) and 8-NbPd; (3-NbPd, type®*),

The principal conflicts among these reports per-
tain to the existence of the ¢ phase and to the details
of the phase diagram. It was the prime object of the
present study to resolve conflicts in the data and to
provide a more reliable constitution diagram.

EXPERIMENTAL METHODS
The starting materials were as follows:

Niobium rondelles, 99.6 pct pure, obtained {rom
the Electro Metallurgical Co.,* with a typical major

*Certain commercial materials and equipment are identified in this paper in
order 10 specify adequately the experi | proved In no case Joes such
identification imply recommendation or endorsement by the Nationai Buresu of
Standards, nor does it imply that the material or equipment identified 1s

rily the best available for this purpose.

impurity analysis (wt pct): Ta (0.15): Ti, Fe, O

(0.1 each); C, H (0.05 each); niobium powder (-325
mesh), 99.8 pct pure, obtained from Leico Industries,
Inc., with typical major impurity analysis: O (0.4): Fe,
8i (0.01 to 0.1 each); Al (0.003 to 0.03): high purity

Nb rod 99.8 pct, obtained from Johnson-Matthey Chem-
icals Limited containing Ta <50 ppm, Mg 1 ppm, Ag

1 ppm and no other metallic impurities detectable by
spectrographic analysis. This material also contained
C (53 ppm). No oxygen analysis was available. The
latter material was used only to duplicate critical
compositions in the range of 30 to 40 at, pct Pd.

Palladium wire, obtained from the International
Nickel Co., and palladium powder (~325 mesh) ob-
tained from Engelhard Industries Inc. These metals
were not chemically analyzed but had a nominal
purity of 99.95 pet.

Sample preparation, vacuum heat treatment, metal-
lography, and X-ray diffraction studies followed
closely the methods used in earlier, related studies
by the authors and their collaborators for which de-
tails are given in Refs. 1 through 3, 20, and 21: pro-
cedures will therefore be described only where they
differ from those described in the recently published,
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prior study of the Ta-Pd system.’ Alloy compositions
are estimated to have an accuracy of =1 at. pct, and
the temperature measurements are accurate to : 10°C
unless otherwise noted. The temperature measure-
ments were based on the International Practical Tem-
perature Scale of 1968 (IPTS 68).

Alloy preparation by arc-meiting or, for powder
constituents, sintering followed by arc-melting, com-
position analysis by weight balance to 1 at. pct, tem-
perature measurement by thermocouples, heat treat-
ments in quartz tubes (to 1100°C) and a high-tempera-
ture vacuum furnace (up to 1900°C) were as discussed
in Refs. 1 and ;. Temperature measurement by op-
tical pyrometry was carried out with a calibrated
Leeds and Northrop instrument. To achieve homo-
gensnation, alloys with more than 30 at. pct Pd were
annealed at 100 to 150°C below the solidus points or,
at least 1400°C for about 12 h: alloys lower in Pd
were annealed at 1700 or 1900°C for three or two h,
respectively. Subsequent equilibration treatments
were carried out at various temperatures following
the typical schedule given in Table 1. Metallographic
and X-ray diffraction techniques (CuK, radiation)
and the determination of solidus and invariant re-
action temperatures also followed exactly the tech-
niques described in Ref. 1.

Quenching at rates of 30 to 100°C/s, as generally

Table I. Typical Equilibration Treatments for

used in this work,’* was not fast enough to allow re-

tention of the high-temperature phase a-Nbpd (see

below): rapid quenching™ using an arc furnace quench-

ing unit®’ yielding cooling rates of about 10°C/s**?

was therefore employed as part of an ongoing study

of rapidly-qln:jcnched transition metal phases.’® This
rocess yielded foi ~ i

g by sy'u,n d foils of ~ 30 u thickness cooled at

RESULTS AND DISCUSSION
The Constitution Diagram

The proposed constitution diagram for the niobium-~
palladium s¥stem is shown in Fig. 1. Crystallographic
data,®**'»** composition limits and melting tempera-
tures of the intermediate phases are summarized in
Tables II and [II. The phase diagram differs signifi-
cantly from the only one previously published,'*?*
There are seven invariant reactions:

a eutectic reaction, L = a-Nb solid solution + a-
NbPd, at 1520°C;

a peritectic reaction, L + NbPd; = a-NbPd, at
~1565°C:

a peritectic reaction, L + a-Pd solid solution
= NbPd,, at ~1610°C.

congruent formation of NbPd; from a-Pd solid
solution, at ~ 1610°C.

congruent solidification of a-Pd solid solution, at
~1625°C;

Niobium-Palladium Allovs a eutectoid reaction, a-NbPd = a-Nb solid solution
Temperature, °C Time, h + NbPd;, at 1255°C:
o . a eutectoid reaction, a-Pd solid solution = NbPd,
1200 3 + NbPd,, at ~ 1560°C. .
1520 4 In the following, the proposed phase diagram, Fig.
:::g “2’ 1, and some metallographic and X-ray diffraction
1300 48(2 days) evidence for it will be discussed, with prime attention
1200 168 (1 week) to complex features of the diagram.
1100 336 (2 weeks) Palladium is soluble in the bece a-Nb solid solution
1000 ;0‘ (3 weels) up to ~ 36 at. pct Pd at 152(PC, but there is a rapid
:‘o’g \ &f::::x) decrease in solubility, beginning at the eutectoid tem-
- perature of 1255°C, and the solid solution range ex-
Toble I1. Crystaliographic Deta for Nicbium-Pailadium 1 dinte Phoses
Number Composition
of Atoms Limiys, or
Intermediate Structure Per Unit Compoasition, Melting
Phase Crystal System Space Group Type Cell Reference At PctPd Point, °C
«NbPd* (cubic) (0}-Fm3m) (Cv) ) 2 e 15654
NoPd, Orthorhombic D}3-immm MoPt, 6 13 ~67 1610
1400°C
~76
«.NbPd, + Tetragonal D;] 14/mmm TiAly 3 12 lJf?sC
850°C 1610¢
BNbPY, Orthorhombic D-Pmmn SNbPd, ) 3 e

*Data in parsntheses were obtaned from a3 metastadle (rapidly quenched) sample.
tPeritectic decompusition temperature.

$aNbPd, structure 1s present in (NG, Pd) Pd, alloys and after annealing at 850°C.
4 Transformation to a-Pd solid solution; meiting point of solid solution ~ 1625°C.
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Lattice Parameters
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20 «Nd -3255 .
pi} xNb 3.242 hd
sot «.NbPd 4.020 24
s2¢ aNbPd 4012 2
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67 NbPd, 2839 837  3.88 13
7 aNbPd, 3395 7913 2032 12
75 BNBPd,  S486 4.845  13.602 3
82 afd 3908 .
9 «-Pd 3901 .

*This ttudy.
1 Data were oblained {rom 2 metastabie (rapidly-quenched) sampie.

tends only to ~ 20 at, pct Pd at B00°C. The solvus
boundary was located primarily by metallographic
observations on equilibrated alloys with 20 to 40 at.
pet Pd quenched from various temperatures. The
a-Nb solid solution produced by quenching from the
single-phase region contains a fine network of stria-
tions (Fig. 2) which could be very fine, plate-like
precipitates of NbPd, but might also reflect a mar-
tensitic transformation of the a-Nb solid solution
upon quenching. Some martensitic piatelets could be
seen under high magnification and these may be the
**NbsPd, (r)”’ phase which was reported by Maldonado

METALLURGICAL TRANSACTIONS A

e N '\\.'.*Akv AENE . .
Fig. 2-25 at. pct Pd. Annealed at 1100°C for 2 weeks. Large aNb
solid solution grains with a network of fine striations due to precipita-
tion or martensitic trunsformation (see text). Magnification 116 times.

and Schubert.’ X-ray patterns from such alloys,
however, show no lines other than those for the a-Nb
solid solution (indicating =~ 5 pct second phase): the
nature of the striations is thus not understood. For
the determination of the a-Nb solvus line, however,
it is of importance only that two-phase microstruc-
tures containing the (striated) grains of a-Nb solid
solution and globular, isothermal precipitates of
NbPd, can be observed (Fig, 3), indicating that the
alloy had been equilibrated in the a-Nb + NbPd,
region. Figure 4 documents an interesting morpho-
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Fig. 3~30 at. pct Pd. Anncaled at 1100°C for 2 weeks and quenched.
Grains of a-Nb solid solution as in Fig. 2, with globular isothermai
precipitates of NbPd,, mainly on grain boundaries. Magnification {28
times.

Fig. 4-32 at. pct PU. Annealed at 900°C for | month. Cellular peart-
itic microstructure of a-Nb solid solution and NbPd, consuming un-
resolved, fine precipitate of NbPd, in a-Nb solid solution. Magnitica-
tion 312 times.

logical change taking place in this two-phase field:

a cellular pearlitic {a-Nb solid solution + NbPd;)
microstructure forms upon prolonged low-tem-
perature annealing, consuming the material consist-
ing of a fine precipitate of NbPd, in a-Nb solid solu-
tion.

The microstructure of an as-cast alloy located in
the narrow composition range between the eutectic
(@-Nb + a~-NbPd) and the a-NbPd phase is shown in
Fig. 5. It consists of a-NbPd primary dendrites
which have decomposed into a fine (unresolved) eu-
tectoid structure (a-Nb solid solution + NbPd;) and
the eutectic (a-Nb solid solution + decomposed
a-NbPd). The [ine (unresolved) eutectoid structure
is also shown in Fig. 6 for an alloy annealed in the
(a-NbPd + NbPd.) field near the a-NbPd/(a-NbPd
+ NbPdy) phase boundary. The fine eutectoid structure
spheroidizes to form a coarser two-phase micro-
structure upon annealing below the eutectoid tempera-
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Fig. $-48 at. pct Pd. As~cast. Primary dendrites of a-NbPd which have
decomposed into unresoived. fine eutectaid of a-Nb solid solution

+ NbPd,. surrounded by pearlitic eutectic of a~Nb solid solution
+ decomposed a-NbPd. Magnitication 123 times.
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Fig. 6—52.5 at. pct Pd. Anncaled at 1288°C for 10 h. Globular
isothermal NbPd, precipitates (light) in matrix of c-NbPd eutect-
oidally decomposed into a-Nb solid solution and NbPd,. Magnitica-
tion 415 times.

ture (Fig. 7); the latter was located by comparison

of micrographs such as those given in Figs. 6 and 7,
Similar microstructures have been observed in the
Ta-Pd system for an analogous high-temperature
phase (3-TaPd).? The occurrence of the peritectically
formed phase NbPd. was confirmed by some critical
experiments which were designed to distinguish be-
tween a peritectic and a congruent transformation

by improving the accuracy of the solidus data in the
region from 60 to 70 at. pct Pd. In these experiments
we placed pairs of samples close together in two
separate crucibles and carefully measured the differ-
ence in their melting points by direct observation
during heating. The relative positions of the four
solidus points shown in this region are thereby es-
tablished with a relative precision of +5°C even though
the absolute temperatures are less accurate, The
relative positions of these solidus points (see insert in
Fig. 1) rule out a congruent transformation and
supports the peritectic construction. One or both of
the two NbPd, phases form by transformation from
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Fig. 7-52.5 at. pet Pd. Anncaled at 1216°C for I: h. Dewmposcd
a-NbPd anncaled below eutectoid temperature Forming coarse, partly
spheroidized microstructure ot a-Nb solid solution and NbPd, .
Magnification 415 times.

a-Pd solid solution. The a-Pd solid solution dis-
solves up to ~ 31 at, pct Nb at ~ 1610°C, but only
~18 at. pct Nb at temperatures < 1500°C; it has a
congruent melting point maximum at 1625°C and 75
at, pct Pd (Fig. 1).

The temperature of the transformation from a-Pd
to NbPd, of 1610°C (only ~ 15°C below the melting
point of the a-Pd solid solution) was located by ex-
amining X-ray patterns of quenched alloys which
either showed broadened lines of fcc a-Pd solid solu-
tion or sharp lines of ordered phase(s), depending on
the annealing temperatures, The high-temperature
region is further documented by micrographs of alloys
in the region of the eutectoid a-Pd solid solution
— NbPd, + NbPd,; these alloys show decomposed
lamellar or spheroidized two-phase structures de-
pending on the annealing temperature; Fig. 8 shows
the lamellar decomposition products of the eutectoid
transformation in an alloy quenched from the a-pd
region. The quench was too slow to retain a-Pd, but
the highly oriented lamella of NbPd; and NbPd, are

“ML\\\‘ 3

ua .h‘ \.Q

Fnl. 8 -70 at. pot Pd. Anm.ulcd at |580‘(‘(.‘hovc the cutectoid
temperature) for 2 h, Coarse lamellar eutectoid of NbPd; and NbPd,
formed by decomposition of a prior o-Pd solid solution during
quenching. Magmitication 316 times.
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evidence for the prior existence of large single
grains of a-Pd. The lamellar structure is me-
tastable and will transform to a spheroidized struc-
ture if the alloy is anncaled for a sufficient time in
the two-phase region hclow 1560°C. Figure 8 there-
fore constitutes evidence that the alloy was annealed
abore the transformation temperature where large
single-phase grains existed and that these prior grains
transformed by a eutectoid reaction during quench-
ing. We have located the transformation temperature
by annealing this structure at lower temperatures

and observing whether or not a spheroidal decomposi-
tion occurs. The relative locations of the two NbPd,
phases could not be deduced from metallographic ob-
servations (see below). The semicoherent precipi-~
tation of a-NbPd, from a-Pd solid solution is shown
in Fig. 9.

The Nb-Pd phase diagram presented here resem-
bles that given by Savitskii ¢t af** in some features.
including the large terminal solid solubilities, the
presence of a eutectic near the equiatomic compo-
sition and 2 melting point maximum for Pd the solid
solution: however, their diagram'® and the present
one differ in too many important features (e.g., their
diagram shows the ¢ phase, but the a-NbPd and NbPd,
phases are absent, in their diagram, in contrast to
the present one) for a comparison of details to be
useful

Intermediate Alloy Phases

Our principal results center on the observed alloyv
phases: these will be reviewed in order of increasing
Pd content.

o Phase. A major finding is the absence of a2 o
phase in the Nb-Pd system, which confirms the nega-
tive result of Knapton® but conflicts with reports on
the existence of this phase from several other prior
investigators.®"»>'*!S We have therefore performed
additional experiments to explain this rather signi-
ficant disagreement.

The o phase was first reported by Greenfield and
Beck® who used Nb metal with a significant amount

LA A TR
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Fig. 9- 80 at. pct Pd. Anncaled at 1357°C for two days. Semicoherent
precipitate of o-NbPd, from supersaturated a-Pd solid solution.
Mapnitication 385 times.
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of impurities (0.5 wt pct (8 at. pct) C and metallic
impurities at a lower level). In the case of the other,
subsequent studies which report o, final alloy purity
cannot be readily ascertained, or it is not certain
whether ¢ was unambiguously defined by X-ray dif-
fraction. Knapton,” using Nb from Johnson-Matthey
Co., Lid. (no data on purity are given), made a deli-
berate attempt to coniirm the observation of ¢ phase
and studied alloys in the appropriate composition
range (30 to 50 at, pct Pd) annealed in the tempera-
ture range (1000 to 1200°C) of Ref. 5. However, there
was no evidence of ¢ phase formation.

We have therefore made attempts to reproduce
the compositions and temperatures reported in both
studies®*® by preparing an alloy Nbg,0Pds. 10 using
high purity Nb with analysis as described above. Both
in the as-cast state and after an annealing treatment
identical to that reported by Greenfield and Beck®
(72 h at 1000°C) the alloy consisted of two phases
{a-Nb + NbPd,) without any evidence of o phase. Also,
as stated, o did not form in any of our other alloys
after annealing at temperatures between 1400 and
800°C. The question therefore arises whether the
presence of impurities has contributed to the conflict-
ing results by affecting alloy structure in the present
or other studies. While the possibility cannot be ex-
cluded that the present negative findings are due to
an undetermined type of contamination, this appears
to be extremely unlikely in view of the materials and

- procedures used, especially as compared to the

earlier studies (except that of Ref. 6, which yielded
the same negative result). It is more likely that the
presence of unidentified impurities was the cause of
the reported instances of o formation (where such
was actually observed), To strengthen this hypothe-
sis, we prepared an additional Nb, 4Pdo,w alloy using
high purity Nb (see above) and ternary
(NYg 65sPdo. 3h - xM ¢ alloys with M = C, O, V, Ta, and
other elements and x = 0,04 to 0,10, While the metal-
loid additives (C,0) were not found to promote ¢ for-
mation in Nb-Pd, the T metal additives (V,Ta) had
this effect, strongly stabilizing new ternary ¢ phases:
these results will be described in more detail else-
where”® We conclude that the o phase is not an
equilibrium phase of the binary Nb-Pd system.
“Nb;Pd: (r)’’. Maldonado and Schubert® have re-
ported the existence of a phase with an orthorhombic
structure (NbRu type) derived by a deformation of the
bee structure of a-Nb solid solution. The phase had
been found after annealing Nbg, s Pdo.as at 650°C for
$00 h and Nbg s Pdo,u at 700°C for 48 h and was
desigmated as Nb;Pd. (r) to indicate a room-tempera-
ture phase.” We did not observe diffraction peaks
due to this phase in alloys in this composition range
which were annealed at = 800°C. While this phase
may indeed be an equilibrium low-temperature phase
below 800°C, it is also possible that it is a metastable
phase formed (in this intermediate composition range
of structural instability’”) by cold-working and then
inadequately anncaling the alloy powders used in the
X-ray diffraction studies. The unidentified micro-
structural features observed in this composition
range (see above) may be significant in this context,
a-NbPd. The structure of a-NbPd is not known
from direct high-temperature measurements at this
time, but the results of the rapid quenching experi-
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ments, yielding a Cu-type phase, and the crystal
chemical considerations given in the following strongly
suggest that this phase is a disordered solid solution
with an fcc Cu-type structure, as given in Tables I
and III. a-NbPd is thus, in effect, an extension of the
isostructural a-Pd solid solution: the two portions
of this solid solution ficld are separated over a nar-
row range of ~9 at. pct by the compound NbPd..
Relevant crystal chemical considerations are the ex-
tended shape of the a-NbPd phase field which is not
suggestive of an ordered phase, comparison with the
related systems V-Pd* and V-Pt,’ where continuous
a-Pd or a-Pt terminal solid solutions exist up to
and beyond the equiatomic compositions, and consi-
deration of the close structural relation of NbPd, and
a-NbPd, to the [ec Cu-type, as discussed previously
in detail for the analogous high-temperature phase
8-TaPd.’ However, it should be pointed out that or-
dering, e.g. into the AuCu type with ¢/a = 1.0 would
not be detected by the present X-ray measurements
and thus cannot be specifically ruled out for a-Nbpd.

NbPd; and NbPd,. The structures of the interme-
diate phases NbPd;, a-NbPd,, and 3-NbPd, have been
reported previously,”*% 1% and the present study
confirms these results (Table II). The lattice para-
meters presented in Table Il are from Ref, 8. 12,
and 13; they were not refined further here. The homo-
geneity range of NbPd: is quite narrow (< 1 at. pet),
whereas the homogeneity range of NbPd, is broader
(~74 to 77 at. pct Pd). a NbPdy and 3-NbPd, are
structurally closely related:*® they differ only in
the stacking sequence of the rectangular Nbpd; layers
comprising either phase, with a three-layer sequence
for a~NbPd, (as in the parent Cu type) and a six-
layer sequence for 3-NbPd;.'®

The two NbPd; modifications apparently occupy
adjacent phase fields, with the tetragonal a-modi-
fication forming at slightly higher Pd contents. On
the basis of the observed transformation of a 3-NbPd,
alloy to a-NbPd, after annealing at 850°C, it is also
possible that one of these phases is a high~tempera-
ture modification: matters are further complicated
by the possibility that even small amounts of im-
purities may affect the stacking sequence and struc-
ture.’ A close study of this aspect of the constitution
diagram has not been made and, in the absence of
further information, the two phases are shown in
Fig. 1 separated by a dashed line.

Frank-Kasper Phases. The other two Ts;Pd systems
contain Frank-Kasper {tetrahedrally close packed)
phases:'*?® in the V-Pd system there is a stable Al5-
type phase V,Pd’ and in the Ta-Pd system a ¢ phase
is found which is stable up to approximately 2550°C.
However, no corresponding phases of either type
occur in the Nb-Pd system. Thus the Nb-Pd system
is unique among these three systems in not forming
Frank-Kasper phases or, in fact, any Ts-rich inter-
mediate phases. Instead it appears that there is a
greater solubility of Pd in the bce a-Nb solid solution
than in either the a-v(Pd) or a-Ta(Pd) solution.

This observation may be of some practical importance
in developing useful Nb alloys by suppressing the
formation of brittle AlS or ¢ phase type compounds.

Mean Atomic Volumes. The mean atomic volumes
V of all phuses listed in Tables II and IIT are plotted
in Fig. 10; all ¥ values show a negative deviation
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MAGNETIC PROPERTIES OF AMORPHOUS REGSA‘JS ALLOYS

Bt11 C. Giessen, William A, Hines and
. Lawrence T. Kabacoff

Abstract - Ribbons of amorphous RE A13 alloys
{where = Ce, Pr and Dy) were prep§§ed §y melt
spinning under vacuum. Magnetization measurements,
carried out on 2 vibratgng sample magnetometer

with magnetic fields H = 20 kOe and over a tempera-
ture range 2.8 °K = T s 300 °K, are reported here.

Dy, SAI and Pr..Al.. demonstrated a ferromagne-

tié-l 23 orderiga uﬁ?ch was characterized by the ap-
pearence of a cusp at 30 °K and 7 °K, respectively.

In both cases, hysteresis and relaxation effects
occurred below the ordering temperature. Amorphous
Ceg5A135 exhibited a negative paramagnetic Curie tem-
perature of -840 °K, but did not order for temperatures
down to 2.8 *K. The results are discussed in terms

of the random atomic arrangement and {ts influence on
the exchange and anisotropy interactions.

INTRODUCTION

In recent years, both basic and applied re-
searchers have cevoted considerable effort to the
study of disordered materials such as magnetic
glasses, amorphous semiconductors and amorphous
metallic alloys[1]. Because of the existence of
highly localized moments, the magnetic properties
of rare earth amorphous alloys are of particular
interest. Fundamental questions concerning mag-
netic moment formation and magnetic interactions
{applied field, exchange and anisotropy), in
situations where the atomic arrangements are ran-
dom, remain unanswered. In order to shed light on
the above questions, we are systematically study-
ing the magnetic properties of the amorphous
RExAY1.x 2iloys, where RE represents a 4f rare
earth clement. This Daper presants measurements
of the bulk magnetization on three amorphous
alloys which span the rare earth series: CeggAlss,
PrgsAlig 2nd DygsAizs. Direct comparisons can be
made with the corresponding crystziline alloys|2].
The RE2AY crystalline phase represents an 1so-
structural series of compounds with the ortho-
rhombic CozSf-typa (cPi2) crystal structure. This
structure has 12 atoms fn 2 unit cell (8 RE and
4 Al) with 2 inequivalent RE sites. The RE co-
ordination number s 13: (8 RE and 5 Al) while
that for Al is 10 (all} RE).

EXPERIMENTAL APPARATUS AND PROCEDURE

The amorphous alloys were prepared by melt
spinning under vacuum resulting in ribbons 2 mm
wide and 25 um thick. The magnetic measurements
were carried out on a P.A.R. model 155 vibrating
sacple mgnetometer with magnetic fieids M ¥ 20
%02 and over a temperature range 2.8 °K = T =
300 “K. The magnetometer was culibrated against
the known room temperature saturatfon magnet{za-
tion for Ni (55.01 emu/g) while the temperature
calibration was based on the ideal Curie-Weiss
beravior of the paramagnetic salt Gd2(504)3°8H20.

Manuscript received March 8, 1580.
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X-ray diffraction patterns confirmed that the
alloys were amorphous.

EXPERIMENTAL RESULTS AND ANALYSIS

For the three amorphous alloys, measurements of
the bulk magnetization were made as a function of tem-
peratura for various magnetic fields. OygsAlyg and
P'GSA]QS exhidbited magnetic ordering at Tqg = 3 °K
and 7 °K, respectively. In both cases, the magnetic
ordering is characterized by a cusp-like behavior
for low fields; the cusp broadens and disappears
for H > 4 kOe. Thfs is illustrated for DygsAlas in
Fig. 1. Fiqure 2 shows the magnetization obtained
at H = 18 kOe versus temperature throughout the en-
tire range for DygsAl3s. A similar ferromagnetic-
like magnetization versus temperature curve is ob-
tained for Prgshlig. For both DygsAlig and PrggAlss
at fixed temperature below Ty, the magnetization rises
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Fig. 1. Dy6sAls3g magnetization normalized to value
extrapolated for 0 °k, o(H,T)/o(H,0), varsus tempera-
ture, 1, for various magnetic fields. Measure-
ments were taken by starting from the virgin
magnetic state above the ordering temperature.
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Fig. 2. DOygcAl,. magnetization 2t 18 kde, o{18-i.0e,T),
versus temﬁiraéare. T.
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sharply as the field is increased and then tapers off.
However, saturation s not odtained for either alloy
with the highest field available (20 kOe). Also,
below the respective ordering temperatures, the
magnetic behavior is characterized by hysteresis

and relaxation effects. This is f1lustrated for
Pr?5A13 in Fig. 3. If the sample is cooled

below the ordering temperature in the presence of

a large magnetic field (~ 18 k0e), a significant
residual magnetization component exists when the
field is then reduced to small values {~ 20 Oe). As
shown in fig. 3, this large residual magnetization
(open circles) decreases sharply as the temperature
is increased through the ordering temperature, be-
coming consistent with the previously described (re-
versable) magnetization versus temperature behavior
{closed circles). Measurements of the coercive field,
H_, were made for both alloys as & function of tem-
perature below To. Defining the tranmsition tempera-
ture, Tc, as the temperature at which H. extrapolates
to zero, it was determined that Tc = 30 °K and 6 °.
for Dy55A1¥3 and PrgsAlis, respectively. Amorphous
C935A135 €id not order for temperatures down to

2.8 °K, and there was no evidence of hysteresis

or relaxation effects.

For the three amorphous alloys, measurements
of the bulk magnetization were made as a function
of magnetic field for various temperatures. Figure
4 shows two of the many isotherms measured for
DygsAlas. For temperatures above the ordering
temperature, the isotherms were straight lines
through the origin. (As indicated before, below
the ordering temperature, the magnetizaticn does
not saturate for H = 20 kOe.) Similar behavior was
observad for PrgsAlys. Using the linear isotherms
for all three alloys, values of the magnetic sus-
ceptibility, x, were calculated frcm the siopes.
in general, for the temperature range 50 °K = T =
300 °K, the susceptibility values provided excel-
lent fits to the Curie-Weiss law

x* Mol ud Dgr -1, ()
where p is. the moment per RE atom and M is the

number of RE atems per gram. figures 5 and 6
show the reciprocal susceptibility versus tempera-

ors T ) 4 L
Prgg Alyy
H220 Oe
€ °
éasor- 1
2
°
%
~
§ °
0.25p -
g
x
o o @ .3‘. ..
[
* o
o { L .
[-} H] 0 -

TEMPERATURE , T { *K)

Fig. 3. PrggAlg magnetization at 20 Oe, o(20-0e,T),
versus termparature, 7. Open circles - sample
conled belos the ordering temperature in & field
of 12 kNe; closed circles - sample cooled below

the orderinj temperature in zero raqnetic field.

ture for Dyg5Al3g and CeggAl3s, respectively,

From the fits to (1), values for 0 and p were ob-
tained for all three 21loys. For DygsAlis,

PrgsAlas and Ce55A13?, we find that o = 41 °k,

8 °K and -40 °K, while p » 11.0, 3.47 and 2.31,
respectively. Table | provides a susmary of rag-
netfzation data for the three alloys (listed in

row one). We note that the n-values (row two) for
DygsAl3s and PrgsAlss are positive and close to

the corresponding ordering temperatures, T, (row
three), and transition temperatures, T¢ (row four);
while the 0-value for CegsAlzs is negative. Also
the experimental p-values (row five) are very

close to the values calculated for the respective
RE3* fons by the Hund rules (row six). Finally,
magnetization values obtained at the highest field
(20 kOe) for DygsAl3s and PrgsAlis (row seven), are
three to four times smaller than the saturition
values calculated by assuming complete alignment of
the above moments (row efght). For comparison, values
for the "GdgsAl3s" composition have been included in
Table I. These values were obtained by interpolation
from earlier work on Gd A); amorphous alloys[3].

DISCUSSION AND CONCLUSIONMS

for toth the amarphous DygsAlys and Prgghlas
2lloys, the Curie-Weiss susceptibi??ty curves for
temperatures above the respective ordering tempera-
tures were typical of ferromagnetic behaviar (i.e.
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Fig. 4. DyggAlyg magretization at 7.5 °K and 53.7 °X,
a(H,T), versus ragnetic field, H.
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Fig. 5. DygsAl3s reciprocal susceptibility, 1/¢(7),

ver<us temperature, T. A similar plot was ob:iained
for Pr65A135.
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[: . and anisotropy interactions dascribded sbove can
8 \ R T lead to significant fluctuations in the magnetic
- Cegy iy ‘//’ moment directions and would account for the cusp
5 . behavior and “spin-flop" transition around the
{ $ ¢cl 7 _ ordering temperature. Such behavior has been
. o / described by Ferrer and Zuckermann[5) using a ran-
i z / dom magnetic anisotropy model.
‘ % Evidence for the RKKY-type exchange inter-
: ;" eop i action also comes from the negative o-value for
1. z CegsAlys. However, in the case of CegsAlys, the
I 2 disordered atomic structure inhibits any tendency
; 5 L 4 for anti-ferromagnetic ordering. The results re-
E 7 ¥ 201 ported here appear to contradict the work of
_{ 3 o : Buschow(6] on amorphous Gd-alloys in which it was
1 . concluded that the RKKY interaction was of minor
o 1 L L importance. Buschow suggests an exchange mechanism
. 00 ° ) 200 300 that proceeds via the RE 5d-electrons and, con-
{ YEMPERATURE, T_(*K) sequently, is always positive. Finally, we note
= . that the corresponding crystalline GdzA) and
Fig. 6. Ce_.A),. reciprocal susceptibility, 1/x(T), Oy2Al alloys exhibit anti-ferromagnetic ordering
) versus temﬁgrazare. T. while crystailine PrZAI does not order.
TABLE 1: Magretic data for the amorphous R565A135 ACKNOWLEDGMENTS
alloys.
RE, Al Aloc  PrecAlo.  Gd oAl Dy Al for mamg helpful $1ecaratons and Dr'n's" g, Cutten
Al, Ce r y or many pful discussions and to Ms. C.
657735 657735 65735 65735 65735 Modzelewsk{ for assisting with the magnetoweter
‘ 0o {°K) -40 8.0 Y 40.5 measurements.
T°(°K) - 1.2 51 30.0 REFERENCES
T.(°K) - 6.2 81 30.3 {11 Amorphous Magnetism Il, edited by R. A. Levy
and . Hasegawa enum ’ress, New York, 1977).
Pex 2.3t 3.47 e n.o {2] L. R. St11 and R, R. Biggers, J. Appl.
‘ ¢ Phys. 49, 1500 (1978).
i Peale 2.54 3.58 7.94 10.6 {31 7. R. MeGufre, T. Mizoguchi, R. J. Gambino
' - . and S, Kirkpatrick, J. Appl. Phys. 49,
c(enu/g) - 29.8 e 121 1689 (1978).
[4] N. Heiman and M. Kazama, J. Appl. Phys. 43,
oo(enulg) - m 228 326 1685 (1978).

[S] R. Ferrer and M. J. Zuckermann, Can. J. Phys.
56, 1093 (1978).

. ) .
see ref. {3], values obtained by interpolation (6] K- H. J. Buschow, Solid State C n. 27,

ve, 3w =L
consistent with Gd° ion*[3]} 275 {1978).
& .
. “saturates easy, little or no anisotropy“[3]
- positive values for ©). Also, the existence of a

spontaneous magnetization was apparent in both
cases. We attribute a ferromagnetic-type of
ordering to DygsAlas and PrG?Al35, without the im-
. plizaticn of 2 strictly parallel alignment of
moments. The cnset of hysteresis and relaxation
. effects below the respective ordering temperatures,
as well as the lack of saturation, provides evi-
denca for strong local anisotropy. This is ex-
pected for these systems since L # 0. We note
that similar work on amorphous GdyAlj.x alloys
(where L = 0) showed little or no such aniso-
tropy offects{4]. As in crystalline rare earth

. metals and alloys, the exchange appears to arise
from the RKKY-type indirect interaction between the
- RE moments, However, because of atoemic disorder, both

positive (ferromagnetic) and negatfve (anti-ferromag-

netic) interactions are possible. It should be noted

that the AKKY {nteraction is normally long range in

pure metals, compounds and dilute alloys. However, it

is strongly dependent on the conduction electron .
mean free path which is of the order of the inter-

atomic distances in amorphous metals and alloys. Con-

sequently, the range of the RKKY coupling is con-

siderably reduc2d and, hence, a nearest neighbor

model might be more appropriate. The local aniso-

. any

tropy at a RE site arises from the electrostatic
f fields due to reighboring atoms. Because of atomic
L. disorder, random orientations occur in the local

easy axis., 7he combined effect of the exchange
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Thermoelectric power of magnetic and nonmagnetic amorphous metats

Soumen Basak and S. R. Nagel
The James Franch Insutute and The Department of Physics. Umiversity of Chicago, Chicago. Hinois 60637

B. C. Giessen

Department af Chennsiry. Northeastern Universiy, Boston, Massachusens 02115
(Received 26 December 1979)

The thermoelectric power of 3 number of magnetic and nonmagnetic amorphous metailic al-
loys has been measured as a function of temperature between 15 and 580 K. The temperature
dependence of the thermopower for the magnetic alloys is qualitatively different from that for
the nonmagnetic alloys. The data for the nonmagnetic alloys are consistent with the exiended
Ziman theory for iransport in liquid and amorphous metals. 11 is argued that the data for the
magnetic alloys are consistent with a model, based on the Kondo scatiering of conduction efec-
trons by spins situated in low internal fields, which was recently proposed 10 explain the resis-

tvily minima observed in these materiafs.

Recent studies of electronic transport in metallic
glasses have revealed two distinctly different types of
snomalous resistivity behavior. Some of these
glasses show a small but monotonic decrease of resis-
uvity with increasing temperature, over as wide a
nunge as 4 10 600 K in some cases.'™* The amor-
phous alloys Cu-Zr (Refs. 3 and 4) and Be-Ti-Zr
iRef. 5) are examples in this group, which consists of
many glasses having no magnetic constituents. The
other type of anomalous resistivity is found in amar-
phous alloys containing some ferromagnetic or anti-
ferromagnetic elements, such as Fe-B, Fe-Ni-P-B, or
Fe-Ni-Cr-P-B. In these, the resistivity shows a
minimum in the temperature range 10 to 300 K and
an approximate logarithmic increase of the resistivity
with decreasing temperature below the minimum.%’
Such resistivity behavior could have been associated
vith the Kondo effect normally observed in crystal-
line alioys containing small amounts of magnetic
stoms, except for the fact that these glasses are
grongly ferromagnetic. As is well known, the large
internal field experienced by the magnetic atoms in a
feeromagnet prectudes the possibility of their giving
sise to Kondo scattering of the conduction electrons.

Several theories have been proposed 1o explain the
segative temperature coefficient of resistivity,
a®(1/p) dp/dT, observed in metallic glasses. One
of these is the generalized Ziman theory of electronic
yansport in liquid metals.”-%* [t deals with the nor-
mal potential scatiering contribution to the electeical
resistivity as modified by the absence of periodic or-
der in a glass, and can lead t0 a positive or negative
vslue of a depending on the relative positions of 2k,
nd k,. where &, is the Fermi wave vector of the
conduction electrons and k, denotes the position of
the first peak in the x-ray structure factor of the
giass. An alternative theory® ' proposes the ex-

\
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istence of quantum-mechanical two-level tunneling
states for some of the atoms in a disordered solid.
The Hamiltonian for electrons scattering from the lo-
calized excitations arising from these tunneling states
is assumed to be identical with the Kondo Hamiltoni-
an, which can give rise to both a resistivity minimum
and a negative value of a over a wide temperature
range. However a recent calculation of this effect by
Black ef al..'! using parameters for the tunneling
model deduced {rom ultrasonic experiments, indi-
cates that this model would give a tesistivity anomaly
three orders of magnitude too small 10 fit the data.

A recent work'? has resurrecied the idea of a real
Kondo effect in explaining the resistivity minima ob-
served in the magnetic glasses. Instead of proposing
a structural modification to the Kondo theory, it con-
siders the spin-flip scattering of electrons from mag-
netic atoms sitting in regions of zero effective field."
That a small fraction of the magnetic atoms may ac-
tually exist in such field-free regions in a concentrat-
ed ferromagnet such as Fey By ;o has been demon-
strated by Grest and Nagel'?2 on the basis of Monte
Carlo calculations of the effective-field distribution
P(H) in such materials, and follows essentially from
the large disorder inherent in the glasses. This result
therefore reconciles the coexistence of Kondo-type
resistivity anomaly and ferromagnetism in these
amorphous alloys and implicitly predicts a difference
in the thermoelectric power behavior between mag-
netic and nonmagnetic glasses. Such a prediction
would not, however, follow from the tunneling-level
model which views both magnetic and nonmagnetic
glasses identicilly as regards the effects of struciure
on their transport properties. Besides these three,
other theories proposed to explain the negative a in-
clude the Mott s-d scattering model,* and those
that study the interference between phonon and im-

4049 ©1980 The American Physical Society
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.
purity scattering.'*

In order to identify the scattering mechanism
which most accurately describes the transport in the
glass i1 is necessary to study some transport property,
other than the resistivity, whose predicted behavior
in the various models will be substantially different.
In a previous communication® a study of the resistivi-
ty a and the thermoelectric power Q in a Be-Ti-Zr
glass over an exiended range of temperature was re-
ported. It was shown there that both the negative
temperature coefTicient of resistivity and the positive
thermoelectric power varying linearly with tempera-
ture observed over the entire range from 10 to 600 K
could be explained on the basis of the extended Zi-
man theory if the condition 2k, & k, was satisfied for
the alloy. However, this behavior of @ was not con-
sistent with the predictions of either the tunneling-
level model or the s-d scattering model. In this paper
we present 3 more extensive study of the thermoelec-
tric power of both magnetic and nonmagnetic
glasses.”

The samples were in the form of ribbons of width
1-2 mm and thickness 30—60 um. The thermoelec-
tric power of each sample was measured relative to
that of a 99.999+% pure lead wire using the integral
method.® The absotute thermopowers were calculat-
ed using the new standard scale for lead obtained by
Roberts'® for temperatures up to 350 K. At higher
temperatures the standard values used were those of
Cook, Laubitz, and Van der Meer,'” which were ad-
justed to join smoothly with the scale of Roberts.
The uncertainty in the data was estimated to be
0.1 uV/K.

Figure | shows the data for amorphous Cug spZ19 50
together with that reported previously® on the metal-
lic glass Beg 4Tig.50Zr0.10 (Metglas 2204; Metglas is a
registered trademark of Allied Chemical Corp.). The
thermopower of Cu-Zr is positive and linear in T over
the entire temperature range 10 to 580 K, as it is for
the Be-Ti-Zr glass. The magnitude of Q is small in
both these sampies and is more similar to that of a
noble metal than of a transition metal. We have also

measured the resistivities of both samples and foung
them to decrease monotonically with increasing tem.
perature over the enrire range 10 10 580 K. For Be.
Ti-Zr and Cu-Zr, the decrease in resistivity over this
temperature range is about 9% and 6%, respectively,
Sinha' has measured the resistivity and thermoelec.
tric power of (Ni, Pti_,)q15Po s glasses as a function
of temperature, though over much more limited
ranges than is reported here. His resistivity measure.
ments showed that a was negative for the glasses for
which 0.20 < x =0.50, and positive for the glass wiy
x =0.60. The thermoelectric power for all the sam-
ples was small (varying between § and 2.5 uV/K),
positive and linear in T in the range 80 to 300 K.
The abovementioned results are incompatible wiiy
a Kondo-type theory® '® based on tunneling levels fo
transport in these glasses. For if such tunneling lev.
els were truly an intrinsic feature of the glassy struc.
ture contributing to electronic transport then the
anomaly associated with Kondo-like behavior shoulg
have appeared in the thermopower data. Within the
detecting capacity of our experiment (0.1 uV/K in,
total of 4.5 uV/K) no such structure has been ob.
served. This is consistent with the work of Black
et al.'' who predict that the tunneling-level anoma.
lies, if present, will be too small to be detected in a5
experiment of such a degree of sensitivity. The ther.
mopower results are also incompatible with the pre.
dictions ol the s-d scattering model.*"> According 1
the Mot formula Q «{d!n PLE)/DE) g g, the ther.
mopower ol elements with less than half-filled 4
bands should be opposite in sign to the thermopowe,
of elements having more than half-filled d bands, 5
recent photoemission experiment'® on Cu-Zr glassey
concludes that the electronic structure of Cu-Zr in
the vicinity of the Fermi level is mainly determineq
by the Zr d band, which is less than half-filled. The
electronic structure of the Be-Ti-Zr glass can also be
expected to be similar to that of the Ti or Zr d bang,
whereas that for Ni-Pt-P should be close to the nearhy
full & band structure of Ni and P1. The positive ihe,.
moelectric power observed in all three glasses thep
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FIG. 1 Thermoelectric power of the nonmagnetic amorphous alloys Beg 4Tig s0Zrg 1o (Ref. 5) und Cug 0279 sp.
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directly contradicts the prediction of the s-d scattering
model.

The generalized Ziman theory, on the other hand,
is consistent with the temperature-dependent
behavior of the transport coefficients reported above.
The negative a of these glasses can be explained us-
ing the Ziman theory by assuming lhal the criterion
2k ® k, is satisfied for each alloy.>** (Here &, is
not necessarily the first maximum of the total in-
rerference function but may be the maximum of one
of the partial structure factors.) The same criterion
also leads t0 a thermopower which is small, positive
and linear in T, as was pointed out before.® The fol-
lowing expression for the thermoelectric power is ob-
tined from the Ziman theory':

w2 kT
Q=- 3| £ 3 =29-35n . ()

where
ZA'.
0= S22k |12k 12 fo LR 2S (k) 402K ) K7 ak

S(k) denotes the structure factor, kg is the Boltz-
mann constant, and r depends on the energy depen-
dence of the r matrix, I(A) From x-ray diffraction
studies we find &k, =2.75 A-! for Be-Ti-Zr (Ref. $)
and 2.73 A~ for Cu-Zr which, if k, = 2kr (where we
emphasize that a strict equality is not necessary and
deviations of +15% can be tolerated), give Er=7.2
and 7.1 eV, respectively. The measured slopes of the
Qvs T curves for Be-Ti-Zr and Cu-Zr are 5.7 x 107
and 7 @ 107% uV K™, respectively. Neglecting the
term 7 in Eq. (1) above, these results imply ¢ =2.3
and 2.5 for the two glasses. These seem to be rea-
sonable numbers if they are compared with a crude
estimate of ¢ from the definition in Eq. (1) with
again 2k taken to be close to &,.

Figures 2 and 3 show the absolute thermopower of

five ferromagnetic Metglas alloys as a function of
temperature between 15 and 580 K. In the low-
temperature range up to 300 K our thermopower
results for the Metglas alloys 2826, 2826A, and
2605A agree very well with those of Baibich er af..
who have recently published data up 10 300 K from
measurements carried out independently in three dif-
ferent laboratories on three separately obtained
batches of Metglas alloys. For the Metglas 2605 alloy
our data agree well with that of Elzinga and
Schroeder in that work,? but differs from the data of
the other two measurements by almost 1 uV/k at 300
K. Between 300 and 580 K our results for the same
alloy differ by the same amount from that of Tech

et al..* whose high-temperature data on Metglas
2605 alloy join smoothly with the low-temperatire
data of Baibich and Muir (from Ref, 20) at 300 K. It
is at once seen that the behavior of Q for these sam-
ples is qualitatively different from that for the nonmag-
netic glasses shown in Fig. 1. For all magnetic sam-
ples the thermopower is negative, and has a negative
slope at low temperatures, i.e., below 100 K. Most
importantly, Q is not linear in T over any large range
of temperature and shows structure similar to that
observed in crystailine Kondo systems, i.e., nonmag-
netic hosts containing dilute amounts of magnetic im-
purities. The resistivities of all these alloys also show
minima similar to that observed in crystalline Kondo
systems. However, the glasses all contain large con-
centrations of magnetic elements and it is not im-
mediately clear why they should exhibit 2 Kondo-like
behavior. Table ] shows the compositions and some
characteristics of the transport properties of the sam-
ples studied here.

The transport behavior of the magnetic samples
cannot obviously be explained by the use of the Zi-
man theory. The tunneling-level model may lead to
Kondo-like anomalies in the transport properties of
the magnetic glasses, but it fails to explain why simi-
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lar anomalies are not observed in the thermopower of

the nonmagnetic glasses as well. However, the work

of Grest and Nagel leads naturally to such anomalous
transport behavior in magnetic glasses only and not
in the nonmagnetic ones, whose positive and linear
thermopower result therefore does not conflict with
the central idea of this model.

In crystalline ailoys the Kondo effect gives rise to
anomatously large structures in the Q vs 7T curves,
the magnitude of which can be ten times as much as
that observed in the present case. It is argued in the
following that this relative lack of structure in the
thermopower does not rule out the possibility of a
Kondo effect in the glasscs. One reason for this is (o
be found in the Nordheim-Gorter rule,'? according to
which the thermopower contribution from a given
electron scattering mechanism will be weighted by the
relative contribution to the resistivity arising from
that process. This relative contribution is given by
px/pr. where pg is the Kondo contribution 1o the to-

tal resistivity. pr. For the magnetic glasses Baibich
et al.® have estimated this ratio to be ~ 10~ from
the depth of the low-lemperature minima observed
their p vs T curves. This means that even the
unusually large Kondo contribution of 100 uV/K wjy
produce a structure in the thermopower only on the
order of 0.1 uV/K. Since this is below the detecting
capacity of the present experiments. they conclude
that the thermopower data do not exhibit any effecy
of the Kondo scattering. However, for reasons
presented below, we believe that the above estimate
of the size of px/pr is incorrect since py is much
larger than that suggested by the apparent low-
temperature anomaly in the resistivity of these allays,
This can be understood in the light of the work of
Grest and Nagel,'? whose calculations yield an
effective-field distribution P(H) in such glasses thag
has a long tail extending through zero field to nega.
tive values of /. The Kondo coniribution to a trans.
port coefficient J(J = p or Q) arising from this disiy;.

TABLE 1. Transport data fo? amorphous alloys.

Metglas

P300 K P2k’ Tewn' @0k Ferromagnene
alloy Composition (ufdem) 300 K (K) uV/K 7
2826 Feg 4oNig 40Po 14Bo 0s 145 ¢ 15 0.962 26 -0.90 537
2826A Feo nNio “CI‘Q‘“PO uaono 15515 1.020 270 +0.25 250
2605 Feq 3080.20 130 £ 15 0.960 14 -3.00 647
2605A Feg 1sM0oy 02Bp 20 120 £ 15 0.992 71& 80 -1.60 595
26058 Feo.nSio'o,Bo“ 140 £ 15 0.966 16 -4 60
2204 Beg.aoTip soZtg 10 300 £ 30 1.060 None +185 Nonmagneuc
Cug suZrg 50 210220 1.043 None +245 Noamugneunc
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“The entries in the columns Pe2x/P300K. Ty and T, are [rom Ref. 7 except for Fe-Si-B and Cu-Zr, for which the data are
from the, present work. The data for 2204 are from Ref. §.
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bution should approximately be of the form

a
1= nrmeuad @

where J(T.H)} is the transport contribution due to
Kondo scattering from a single spin in field /. The
cutoff, A, in this integral is not known, but should
not extend to such high ficids that the concept of
Kondo scauering from independent spins breaks
down. The temperature dependence of the resistivity
due to Kondo scattering {rom spins in low lields may
be approximated by the Hamann formula?® with 7 re-
placed by (T2 + H*)'? Thus the divergent term In T
in the resistivity is replaced by In (72 + H4%). In con-
voluting over PUH) in Eq. (2) this H-dependent term
smears out the low- T divergence, which might be the
reason why the observed anomaly in the resistivity of
the magnetic glasses is small compared to that in
crystalline alloys. However the behavior of the ther-
moeleciric power does not change drastically due to a
small applied magnetic field.?® Therefore, unlike in
the resistivity, the convolution over P(H) does not
smear out the structure in the thermoelectric power.
What may happen, in large applied fields, is that the
peak in Ot T) will shift to higher temperatures.?’
This would account for why the peaks we observe in
Q{T7T) seem to be at somewhat higher temperatures
than is usually ohserved in crystalline materials.
Although it is still important to usc the Nordheim-
Gorter rule, it is dilficult to estimate the size of
oa/pr since py may be much larger than simply the
apparent divergence seen in the low-lemperature
resistivity of these alloys.

1t is possible to make some qualitative remarks
about the cffects of Cr and Mo on the thermopower
anomalies observed. It is known that in crystalline
Kondo systems Cr produces a very small anomaly in
Q. unlike the large negative anomalies produced by
Fe, Co. etc. It appears from the data of Fig. 2 that
even the small structure ina  observed in the Fe-Ni-
P-B glass is substantially washed out by the addition
of Cr, as is observed for the Fe-Ni-Cr-P-B glass.
This could be the result of an algebraic addition of

m
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the Kondo anomalies separately produced by the
magnetic species in these samples. Similarly the ad-
dition of Mo, which has a &-band structure resem-
bling that of Cr, is seen 10 reduce the structure in @
of the Fe-B glass, as shown in Fig. 3. By contrast,
the addition of Si is seen to further depress the ther-
mopower cucves for Fe-B and Fe-Ni-P-B,? alihough
such behavior is not readily explained by the position
of Si in the Periodic Table. However, since the pres-
ence of even minute amounts of magnetic impurities
may produce substantial effects on the thermopower
in crystalline materials, there remains a fair degree of
uncertainty in the predictions of thermopower
behavior based oniy on the nominal compositions of
these glasses. For example, an analysis of the Met-
glas alloys 2605 and 2605S showed that the former
contained ~ 150 ppm Cr and ~ 1000 ppm Mn, while
the latter had ~ 750 ppm Cr und —~ 200 ppm Mn in
it. Such magnetic impurities might have made signi-
ficant contributions (o the thermopower data.

In conclusion, our experiments appear (o point out
a qualitative difference in the transport behaviors of
magnetic and nonmagnetic glasses. In the former the
resistivity shows a minimum and the thermopower a
Kondo-like structure, hoth of which are expected
results from the work of Grest and Nagel. In the
nonmagnetic glasses, the resistivity decreases with in-
creasing 'emperature and the thermoelectric power is
positive and linear in T over the entire temperature
range studied. Both thesc observations can be ex-
plained by the extended Ziman theory with suitable
assumptions about the relationship between the Fer-
mi wave vector and the partiai structure factors.
These assumptions are also consistent with a mode{**
for the stability of these glasses. The tunneling-level
model and the s -d scattering model appear to be in-
compatible with these two grouns of thermopower
data,

S.R.N. acknowledges support {rom an Alfred P.
Stoan Foundation Fellowship. This work was sup-
ported in part by NSF DMR77-09931 at the Universi-
ty of Chicago and by the Office of Naval Research at
Northeastern University.
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PREPARATION OF METALLIC ClASS IN THICK RIRBONS
AY A MULTI-LAYER MELT SPINNING PROCESS

B. C. Giessen, S. Davis and S. Whang
Msterials Science Divianion
Institute of Chemical Analvsis
Northeastern University
. Boston, MA
and

B. H. Kear
United Technologfes Research Center
East Hartford, CT

ABSTRACT

It is an inherent feature of rapidly solidified alloys that they have at least
one thin dimension in the as~quenched state: subsecuent consolidation is rhece-
fore required to produce a dense, solid body. As a first step towards circunven-
tion of this limitation, thick ribbons of a merallic glass have been prepared by
2 multi-layer self -substrate quenching techniq:e.

Thick ridbons (75-12%m) of Cu6°Zt40 metallic glass were prepared by the super-
position of thin quenched layers on the inside of the rotating drum of & vacuum
selt spinniag unit. The multi-layer ribbons vere ductile, stronp, d¢id not de~
laminate upon bending and showed no, of only narrow, zones of crvstallization
at the layer interfaces.

Possible further developments dased on this technique are discussed.
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Intraduct fon

Due te ita velarive eimplicity, cheapness and efficiency, compared to other
rapid solidification processing methode, melt spinning or vartations of this pro-
cens, appear™ to be grrf«rred for the preparation of metallic glasses in {ndus-
trial quantit}sg(l'z . The parameters governing the melt spinning process have
bevn revicved .

One of the dravhacks nf rhe terhnique is {ts apparent limitarion to thin rib-
honx or sheets with a thickaess of - 50, m , due to the necessity of maintsining
at Jvast one small dimenston for rapid heat removal. Consequentlv, it has not
yet hcen possible ro prepare conventional metallic glasses directly from the
melr in rthe form of bar stock or as thick sheer, although more recently, the
two-step preparation of glassy metals as solid bodies from youders or thin sheet
material by direct cold consolidation has been reported“'6 .

Development of 3 method for the direct preparation of thick sheet material
(0.1<1mm thick) was therefore desirable. The building up of successive thin

layers inro a thick sheet apprared to be an artractive possibility and was there-
fore artempred.

Experimentsl

Melt Spinning: An “tnside-of-drum™ melt spinning unit, enclosed in a
vacuum chamber, was used, Fig. 1. In normal operation of this unit, a small
quantity of the alloy is inducrion melted in rhe crucible and is then ejected
asn 8 thin alloy jet againat the inside of the rotating drum,vrerc it is quenched
and sonlidified as a narrov ribbon. Surcessive layers are prevented from over-
lapping by a nneumatically driven, axial movement of the crucible; spiral-shaped
tibbons of 30 . m thickness, 1-2 mm width and ) @ length are normally obtained.

For the present work rhe operation vas modified such that after melt soinning
had been initiared and the jet had =tahbilized, translation of the crucible was
halted to permit buslding up of multiple layers.

Cholce of Allay: The Cugn’r,n slloy was selecred for the present, preliminary
experimenta. This alloy readily forms a glass at critical cooling rates
lc' 1W¥K/sec (using the relationship herveen Re and Ty Riven in reference (7))
due to its high reduced glass transition temperature Tpy *0.63 $,9) | Further, this
glans dnes not (or only slightly) embritctle upon heating. The suicabilicy
of Cugnlr,g for self-subscrare quenching as & glass had been established experi-
wentally earlier by the demonscrarion that amorphous Cugglr,q sheets of 0.75 om
thickness can he produced bv plasma spraving in inert gas against a rotating
cooled disk(?)-

Exomination: The multiple-laver vibbons produced vere studied by X-ray dif-
feaction (XRD) optical metrallngraphy and SEM. Ribbons were also examined for
possible delamination in both bend and tensile tests.

Results

Ribbons of 75-125 .m thirkness consisting of -5 lavers, respectively, were
produced reproducibly in several runs. The multiple ribbons were fully ductile

. and 4id not delaminate in bend or tensile tesnts, Fig 2. XRD examination showed

both the ribbon top and bottom surface to de arorphous. Cross-sectiona' optical
micropraphs are shown in Fig. 1. lo Fig. }a), three lwers of -25,m thickness
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CRUCIBLE 1S TRANSLATED CONTINUDUSLY, M
RESULTING IN SPIRAL RIBBON ; 1
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Drum {cooled) H 3 ;
= QArgon feed i
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® FOR MULTIPLE LAYER SPINNING.
CRUCIBLE IS RETRACTED 1O FIXED POSITION,
RESULTING IN SUPERPOSITION OF DEPOSIT

Fig. 1 ~ Schematic of inside-of-drum melt spinning apparatus
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Fig. 3 - Transverse section of triple~laver Cuy,Zr,gelassy ribbon showing
(a) visible and (d) invisidle interfaces decween layers (heavily
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i .
: I each can be recopnized, delinvated hy tun interfaces whilch pogaihlev (s an
fndicat fon of 4 minute amount of crvstallintty (andetertatle he YRD), n the
eross—scct fon shown n Fig. 3¢(b), fnterfaces could nut be detected even a‘ter
B heavy etehing. Tensile tests showed a rufure strensth <100,000 psi, Hard-

4 ness values ranged from VHN = 650-700 ke/em? | {ndicating that tl.e full strenspth

. of the ribbon had not been achfeved i1 the tenstle tests, due to i f
! presence of surface imperfecrtions.

From these results {t {8 concluded that fntcerral elass ribhons of inter~
medfate  thickness can be obtained by the present method, at lcast for the alloy

compasit fon selected.

Comclusion

The present, prelirinarv results su~gest that rmultiple laver rmelt spinning
may be a praciical wethod for makinp thick ribbons of metallic glasses and other
slloys requiring rapid solidification processing for thefr preparation.

Additionsl experiments are in progress to improve the multiple layer deposi-
tion process, to apply it to wider ribbons and to other glass forming allovs,
expecially those prone to embrittlement upon befnp reheated. Apnlication to
other types of processable alloys, e.zx., those forming extencded solid solutions,
sicrocrystalline structures and metastable crystalline phases, are being
studied, an well as modifications of the process to produce novel shares. '
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ON THE CHARACTERISTICS OF AMORPHOUS U-Fe ALLOYS FORMED
BY LIQUID QUEINCHING VS. IRRADIATION TECHNIQUESH
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Introduction

Metallic glasses are generally formed by crocedures involving either lig-
uild gquenching or atomic deposiction. However, it is also known that neutror ir-
radiation of certaln crystalline alloys will »esult in a transformaticn to the
amorphous state. The first such report by Bloch was based on the intermetalllce
compound UgFe which became amorphous after an integrated exposure of 2.3 x 1017
fissions/ecm? (1). 1In a separate study, Elllot: and Glessen have shown that
U-F2 alloys can also be melt cuenched to form glasses (2). To our krowledge,
there have been only two other observations of the formation of amcrphous
metals by neutron irradiation techniques (3,4}, and there 1s no study which re-~
lates an amorphous metal produced by irradizticn to that formed by licuid
quenching The purpose of this ccmmunication is te report differences in struc-
tural am:i thermal characteristics of amorpnous metals based on UgFe tut which
are produced by either irradiztion or liquid juenching techniques. For rea-
sons discussed below, only liguld-quenched amcrphous metals are referred to 2s
glasses in the following.

Experimental

The U-14.3 at.% Fe master alloy was prepared by arc-melting components
99.9% pure. The uranium used in this study was 93% enriched U?'3%. The 1i3-
uid quench technique involves a hammer-and-anvil, arc-furnace quenching unit
(5) which is capable of quenching rates in the vicinity of 10% ~ 10° X/sec.
Irradiation was performed in the thermal coluxn at the Omega West Reactor in
Les Alamos at flux rates of 3.7 and 1.0 x 10'! n/cm?®/sec to an integrated dose
of 4.4 x 10'7 fissions/er?. 1In all cases, the specimens consisted of foils
~ .03 mm thick x 3 mm diameter with 2-4 folls peing tested at one time. The
folls were examined by x-ray 4iffraction (XPD) with Cu Xo radiation and by dif-
ferential scanning calorimesry (DSC) in a Peryin~Elmer DSC-~-2 calorimeter.

*Work performed under auspices of the U. S. Tepariment of Energy

on
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Results

Typlcal XRD patterns for amorphous U-Fe alloys in terms of interference
functions I(K) [K = Ur sine/1] are shown in Fig. 1. All of the samples ex-
hibit three rather broad, asymmetric peaks in the range of K values lnvesti-
gated, and all of the samples exhibited peaks at roughly the same value of K,
as shown in Table I. However, there are significant differences in the de-~
tailed nature of these peaks. The liquid quenched glass consistently exhibits
a much more intense first peak which has a significantly smaller half-width
than that of the amorphous alloy produced by irradiation (see Table I). A
quenched~-and-irradiated glass was also investigated; it yilelds diffraction pat-
terns with peaks of intensity and width which are intermediate between those
of the liguid quenched glass and the irradiated amorphous alloys. The irra-
dlated amorphous alloys show more diffracted intensity between the first and
second pezxs as well as between the second and third peeks than does the 1liquid
quenched gless as can be seen by careful examination of Fig. 1. Thus the inter-
ference functions ia Flg. 1 indicate that while there 1s a great deal of simi~
larity in the structure of these amorphous alloys, there are also significant
differences in certain aspects of the structure of the U-Fe glass formed by
liquid quenching when compared to an amorphous alloy formed by irradiation.

That a difference in structure between irradiated and liquid quenched
amorphous metals exlists is substantiated by the differential scanning calor-
imetry (DSC) data ob:ained upon heating the glasses. Such data is shown in
Fig. 2 and indicates several features. Crystallization of the liquid quencheq
U-Fe glass involved two exothermic effects and thus occurs over a range of tem-
peratures. In contrast, the crystallization process of the irradiated and the
quenched/irradfated amorphous glasses 1s characterized bty 2 single, sharp exo-
thern occurring ac a temperature about 15K higher than the first exotherm of
the non-irradiated glasses. The other distinct difference among the glasses
involves the total heat of crystallization. For most glasses, this 1s about
40% cof the heat of fusion of the alloy, which would correspond to ~ 18.8 J/gm
for the compound UgFe.* This value 1s comparable to 19.7 J/gm observed for the
liquid quenzhed glass 1in Fig. 2 but is distinctly lower than the 31.8 J/gm
observed for the amorphous alloy formed by irradiation. Many tests have repro-
duced the enhancexzent of the heat of crystallization of irradiated U-14.3 at.¥
Pe amorphous al.oys. Typlcally the heat released is in the range of 31.8 to
32.6 J/gn compared to 17.6 to 20.5 J/gm for that of the liquid quenched glass
of the samwe alloys. In all cases the crystallizatlon process resulted in the
same XRD patterns which are characteristic of the UgFe compound.

Discussion

A detalled accounting of the structural differences resulting in the
behavior in Figs. 1 and 2 is beyond the scope of the inlormation presently
available. However, certain inferences can be made. In the absence of a study
of the radial distribution function of these amorphous retals, the interference
functions in Fig. 1 may be used to give an indication of their struectural char-
acteristics. Using the position of the first peak K3, the approximate mean
interatomic distances of the filrst nearest neighbor shell of atoms d; can be
obtained by use of the Ehrenfest formula (9,10): d; x X; = ¢, where x = 7.90
+ 0.10 (19). The values of d; for the different glasses are listed in Table I
along with the atcmic diameter of uranium corrected for a coordination number
of twelve (11). :

Table I shows that the values of d, do not differ greatly among the amor-
phous alloys and, within the uncertaint} of the value ¢f x, dj agrees well with
the U - U <istances based on the Soldschmidt diameter. The relative positions

#The estimated heat of fusion of the compound UgFe (4£.9 J/gm) 1s based on a
weighted average of the heats of fusion of pure U (§) and Fe (7) and the
entropy of mixing due to the formation of the compournd (8).
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of the first and second maxima (K; and K;) of the interference function are
similar to numbers for amorphous llloys prepared by several different tech-
niques; Kz/K; = 1.68 in this study vs. (Ka/Ky)aye. = 1.75 for ten different
amorphous alloys (see Table 1 of Ref. 11). &he § calculations confirm the con-~
clusion based qualitatively on Fig. 1 that there is much similarity in the
structure of these amorphous alloys as well as others based on significantly
different alloys and preparation techniques.

The differences in the amorphous metal structure brought about by fission
fragment bombardment are strongly reflected in the resulting loss of intensity
and broadening in the first XRD peak in Fig. 1 (see Table 1). Such behavior
indicates an increase in structural disorder in the 1irradiated alloys, which is
consistent with the increased energy released on crystallization of the irra-
diated alloys (Fiz. 2). Previous studies have suggested that many amorphous
alloys may have very simillar structures regardless of preparation (10,12-

14). In the present study, the very large differences between the amorphisa-
tion processes of 1liquid quenching versus irradiation results in less short
range order in the irradlation-produced glasses.

Irradlation can cause amorphisation of an alloy by the rapid cooling of
the thermal spike induced by atomic collisions with fission fragments and the
resulting displacement cascades (4,15). We, therefore, conclude that such a
combined thermal/atomic displacement process results in an amorphous solid with
a structure characterized by a reduced degree of short range order in the ir-
radiation produced amorphous alloy. The resulting "loss of local structure”
would account for the decrease in intensity and broadening of the diffraction
peaks. It would also be consistent with the increased and well-deflned exo-
thermic peak in the DSC data if, as appears quite possible, the resulting struc-
ture of the irradiated amorphous alloy requires a greater amount of atomic re-
arrangement upon crystallization to UgFe, where this rearrangement proceeds
only at a higher temperature than in the irradieted glass, but in a one-step,
coordinated manner., It should be noted that this does not imply that the ir-
radiated amorphous alloy is more like a liquid than the liquid-quenched glass.
On the contrary, the irradiated amorphous alloy is quite probably not a glass
in the sense of the definition that the internal structure of a glass 1s close-
ly related to that of a corresponding supercooled liquid which precedes it in
its formation; instead, it is a different amorphous solid requiring further
structural characterization for a description.

Modeling the atom’s disnlacrement ci.scade cnused.by the 7eutron ic-radia-
tion as a thermal spike, Kramer, Johnson, and Cline calculate the "effective
quencn rate" ¢f the cascade region in a metallic glass irradiated by fast
neutrons to be ~ 10!"* - 10’% K/sec (15). Although the present experimental
conditions differ somewhat, it is certain that the "effective quench rate" in-
duced by neutron irradiation was much greater than 10% - 10° K/sec which was
used to produce the liquid quenched glass. The differences in short range
order which are observed between the irradiated amorphous solid and the liq-
uid quenched glass thus are not surprising; the "structural relaxation” or
"atomic regrouping” which takes place in liquid quenched metallic glasses upon
aging short times at temperatures somewhat lower than the crystallization or
glass transition temperature (16,17) could not occur at the rapid quench rates.

The work by Bloch (1), Bethune (3), Lesuer (4) and this study ralse the
question as to which particular crystalline alloys, especially intermetallics,
are susceptible to amorphisation by fission fragment irradlation. At this time
the evidence is insufficient to classify the intermetallics accordingly; how-
ever, it is likely that the intermetallics which form glasses readily by lig-
uid cuenching (13) are also prone to forming amorphous solids by fission frag-
ment bombardment. The present compound UgFe belongs to a group of actinide
phases vhich readily form glasses upon liquid quenching (18); f-electron bdond-
ing may be responsible for its ready ameorphisation (19).

This study also raises the question of irradiation "damage" to a glassy
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.alloy. There 1s some evidence to suggest that structured changes of amorphous !
alioys can occur upon irradiaticn (15,20-22) although the opposite conclusion !
h23 2150 been drawn {4). The results on the U-Fe a2lloys show that if a fis-
sionable glassy alloy 1s exposed to irradiation, then there will be identi-
fiable changes in the resulting atomic structures and thermal properties.
Wnhether such structural differences result in significant changes of other
properties remains to be demonstrated.

Amorphous alloys based on a U-14.3 at.% Fe allioy have been prepared by a
liquid quenching and/or irradlation technique. The resuliting amorphous alloys,
as characterized by x-ray diffraction and differential scanning calorimetry ¢
data, are similar but not identical. 'When compared to the liquid-quenched
glass, the irradiated material shows a less intense, broader first peak in the d
interference function data and a larger, narrower exothermic peak upon crystal- s
lization, We conclude that the much higher "effestive quench rates" inherent
in fission fragment bombardment can produce an arorphous metal with a struc-
ture characterized by a reduced degree of short range order when compared to a
liguid-quenched glass. The irradiated amorphous alloy is probably not a glass
in the sense that the structure of a glass is closely related to that of the
supercooled liquid which preceded it in its formation; 1t is more llke a dif-
ferent amorphous solid requiring further structural characterization for a
description. These results also indicate that the structure of liquid quenched
glasses will be affected by subsequent f{ission frazgment irradiation.
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Fig. 1. Diffraction patterns {in
terms of interference functions I
(K)] of an amorphous U-14.3 at.%

as formed by liquid quench and/or
irradiition techniques.

Fig. 2. Rate ol energy release as a
function of temperature for U-14.3 at.%
Fe metallic glasses formed by liquid
quench and/or irradiation techniques.
Hyeting rate is 80 K/rmin.
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TABLE I

Data on Peak Position of I(X) and Interatonic
Distance on the U-14,3 Fe-Amorphous Alloy

Condition Peai heishtf Positions of K; in nm'l Nearest nelghbor Goldschmidt
) of peak maxima of I(K) distance* dj in nm
' -1 Diameter nm
. Width (nm) Ky Ko Ka/%3 for U
LI -
Liquid
. © Quenched 48/1.0 25.1 hz.5 1.6% 0.315 0.310
b - Irpadiated 26/2.5 25.4  42.7 1.3 0.311 0.310

at halfl helghs,

fCalculated using the Ehrenfest formula; see text.

l: +Peak height 1s relative unites as measures frcm I(K) = 0 in Fig. 1; peax width is
[ 8
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ELABORATION OF AMORPHOUS METALS AND GLASS TRANSITION.

FORMATION AND CHARACTERIZATION OF AMORPHOUS METALS

B.C. Giessen and S. Whang
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ABSTRACT

This review deals with the definition of amorphous and glassy metals; the principal methods for their
preparation by atom-by-atom deposition, rapid liquid quenching and particle bombardment; criteria for
their formation, especially ready glass formation (RGF) and its alloy chemica) foundations; and their

classification.

This 1s followed by a discussion of their elastic and plagtic properties (Young's

modulus and microhardness) and thermal stability (glass transition and crystallization temperatures),
with emphasis on the correlation and composition dependence of these pronertie; and without special

reference to technically 1mportan§ glassy alloys.

INTRCOUCTION

Glassy meta]s’ are presently the subject of

intense fundamental and applied studies. The

‘former. now cover virtually all physical phenomena

displayed by crystalline solids, including their
structure, electronic properties, strength, etc.,
as well as properties specific to the glassy state,
such as glass formation, glass-liquid transition,
structure modelling, and thermal stability.
Application-oriented work has been stimylated
primarily by technicaiiy interesting properties
such as their magnetic softness combined with high
permeability, their outstanding corrosion resis-
tance properties and their high specific mechanical
strength.

DEFINITION OF AMORPHOUS AND GLASSY METALS

To define the glassy state, we turﬁ,to Fig. 1
(after Ref. 2) which shows the change of a property
such as the volume or heat content with temper-
ature. When a liquid 1s supercooled (in con-
strafined equilibrium) below the equilibrium
melting point Tm. the viscosity n and with it the
retaxation time t increases until at a certain
temperature, designated the (fictive) glass tran-
sition temperature T_, the time available at
temperature T becomes smaller than the relaxation
time < (Tg) and the ailoy leaves internal equil-
ibrium, changing at this temperature from a super-
coolsd liquid t0 a glass. Upon subsequent
rehsating of the glass beyond Tg the regime of the
supercooled 1iquid state is entered again, (unless
crystallfzation intervenes before Tg is reached).

In addition, relaxation processes generally occur
before Tg which alter the glass and lower its
glass transition temperature; T_ is thus a
function of the quenching and heating history of
the glass.

TEMPEAATURE
Figure 1 § _

Metallic glasses are amorphous solids;
however, the latter term has wider meaning and
includes also noncrystalline materials whose
internal configurations do. not correspond to
those of any supercooled 1iquid. As an example
we mention amorphous alloys produced by irra-
diation methnds4 (either from the crystalline
state or a liquid quenched glass); they lack the
high degree of short-range order typically present
in 1iquid quenched glassy metals. Such amorphous
solids should not be designated as glassy
according to the present usage of this term. It
should be apparent from the above discussion that
formation of an amorphous material requires efther
bypassing of the crystallization process (e.g. by
atomic deposition or rapid 1iquid quenching) or,

2,3
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alternately, destruction of the crystallinity of
a solid (by methods such as particle bombardment).
Experimenta) approaches designed to accomplish
this are reviewed in the next section.

PREPARATION METHOODS

Amorphous metals can be prepared by a variety
of mcu',hac:ls""6 which can be divided into three main
categories according to their main principle:
atom-by-atom deposition; rapid ligquid quenching;
particle bombardment methods. (Probably some of
the techniques based on the third principle
actually also involve rapid liquid quenching as
the active mechanism.) Operationally, the pre-
paration methods based on these principles can
be classified further as shown in Table 1. Oue
to space limitations, these methods camnot be
gescribed here in detail; instead, some salient
aspects of their operation are reviewed briefly.

Toble ¥ .
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Atom-by-atom methods are probably the most
powerfu) ones for producing amorphous metals. By
techniques such as vapor deposition or sputtering,
alloys with which do not form glasses by any other
method have been obtained in the amorphous state,
such as alloys with compositions corresponding to
high meiting intermetallfc phases. Further,
thick samples usable for bulk processes can be
obtained, e.g., by sputtering. On the other hand,
the process is expensive and alloys produced by
it are generally not ductile., Some liquid quench-
ing methods, especially continuous melt flow
methods such as melt spinning, haye been
engineered to industria) maturity &nd are capable
of producing technologically important alioys as
rapidly quenched glasses relatively cheaply and in

JOURNAL DE PHYSIQUE

large amounts; with the product having the thin
sheet shape desirable for some applications such
as magnetic sheets for use in t:ransfov'ner's9 or as
brazing foils.”

Other liquid quenching methods such as those
based on surface heating (glazing) and ion bombard-
ment or implantation offer promise for the pro-
duction of glassy metal surfaces showing desirable
corrosion or wear resistance; ion iwlantationm
i5 presently much studied as a means of producing
surface property improvements and it was found
recently that the alloys formed from a base
material by this technique become amorphous when
certain critical alloying compositions are reached.

GLASS FORMATION

The following discussion is directed primarily
at glass formation from a liquid.

fundamenta]l Parameters Determining Ready
Glass Formation (RGF): Upon supercooling a

1iquid below its liquidus temperature Tn’ a glass
will form at the glass transition temperature Tg
if crystallization of the melt into onhe or more
crystalline phases is avoided in the interval from
Tm to T .3’” Operationally, the .important para-
meter is thus (’rll -T )/Tm. i.e. the temperature
interval Tn - Tg, normalized by the melting

t sperature i.. This parameter is a function of

) the reduced glass temperature T r TgITn which

thus plays a fundamental role in characterizing
the glass forming ability of an alloy which
scales with Tgr'

Assuming that homogeneous nucleation is the
mode of crystallization of the 1iquid and using
pertinent expressions for the rates of nucleation
and growth as functions of supercooling, the
critical cooling rate leading to crystallization
of, e.g., <5% of the 1liquid can be calculated
and T-T-T curves such as those shown e.g. in
Fig. 2 of Ref. 2 can be obtained, with T r as the
sole parameter. To retain a glass, the cooling
process must be conducted such that the "nose" of
the pertinent T-T-T curve {s avoided. Cilcula-
ticms12 using such diagrams show that the
critical cooling rate Rc increases with decreasing
T r 28 shown in Fig. 3 of Ref. 13. One often
defines as "readily glass forming" such alloys
for which Rc<~10’ K/sec corresponding to T .
>70.60. In binary alloys, T_ varies momotonically
and slowly with composition x over wide ranges of

e s
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X; in its variation with X, T r therefore depends
more strongly on T, (which shows mu?h larger
changes with composition) than on T _; the RGF
composition ranges are therefore pr?marily defined
by Th. Zr-Cu is shown in Fig. 2 as a typica)

binary system with a wide RGF composition r-ange.]5
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Figure 2

Ab Initio Calculations of Glass Forming
Ability: Knowledge of the liquidus lines (i.e.
features of the equilibrium phase diagram) and
the glass transition temperatures thus suffice
to deteimire the R3F properties of an alloy;
generally these guantities must be obtained
experimentally 2nd are not easy to predict. How-
ever, recently considerable progress has been
made 6 in obtaining the energetics of ligquid
alloys of simple metals from first principies; in
connection with caiculations of the energies of
the crystalline phases involved, this allows
construciion of the nhase diayram, and hence
derivation of Tm’ the principal quantity control-
ling the variation of Tgr with X. Theoretica)
calculations of T_do not yet exist; however, Tg
could be derived e.g. from claculations of the
viscosity n as a function of temperature]7 (using
the fact that T_ can be defined at the temperature
at which n ~ 10°%P), yielding T , and hence R,
It {s therefore likely that in the near future
theoretical ab initio calculations of Rc for
binary alloys will be made and that the degree
of glass forming ability of known glass forming
alloys can then be confirmed and subsequently
predicted for other, new compositions.

Operational Parameters Relating RGF Ability:

As such calculations are not yet available. a
number of operational parameters or alloy
properties have been used for the prediction ov
RGF lb111ty.3 The more important known para-

meters determining RGF ability are listed in
Table 2 of Ref. 3.

Some of these characteristics

(such as the melting point and the type of inter-

metallics present) are phase diagram features

requiring knowledge of the-phase diagram or its
ab initio calculation by a hypothetical, system-
atic program involving the calculation and
comparison of the structural energies of all

possible intermetallic phases for all compositions.

Mhje 2
Srisnio haierme Suaklis Slins. “wase Limes snt Prispisnl
Iaacianvat 10 e Mt @ Rals_Pemmtion Shefole 1

Tor T T Tewaiioim Tortasab ailey Ve o
fretoad

Yw ek YTy —n

Py Fh —
T CRET e e - T 2
Conarwl Yut.
Py
E el o L T
Comavetios [rit=— P
1o1s Brray).
rﬁ. ade G- =2 ) Sory

SA0MAPE. o Par) pid,

G5 Thts choest?teoriem Lo Lasampiore 00 0oy ofiey Fmaes sesot bo
amimmaly 1100010100 15 Somme 4 5 bupiasis hmvaniovistle

Pertinent characteristics nct requiring know-
ledge or claculation of the phase diagram inciude
(a) the size ratio r/R of the components, which
is <0.85 for most RGF alloys and (b) the heat of
formation AHM of the liquids, which is <10 ¥cal/
mole for most RGF alloys and can be obtained
experimentally or theoretically by semiempirical
approaches such as that of Miedema who utilizes

the electronegativities and electron corcentraticns

of the constituent elements to obtain AHM'

RGF Maps: Used singly, neither r/R nor Aty
suffices to predict RGF ability. Together, how-
ever, they have been found to provide a useful
criterium. Ready-glass-formation plots (RGF maps)
can be constructed 8 which show that binary

elemental combinations with size ratios r/R «0.85

and AHM<N-10Kcal/mole generally possess RGF
ability. As an example, a partial RGF map for Ni

is given in Fig. 3; it shows good division between

elements readily forming glasses with Ni and
those that do not. It should be noted that these
maps do not indicate the position and extent of
the RGF composition range which is determined by
the phase diagram features such as low liquidus
temperatures and competing stable intermetallic
phases.
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Structural Alloy Chemcial Approach: A
different, alloy chemical approach to the pre-
diction of RGF for binary alloys is based on the
type of intermetallics occurring in the systefy.m6
In this approach the glass is considered somewhat
like a (noncrystalline) alloy phase; in the same
way in which the equilibrium alloy phase in homo-
logous systems are often identical or structurally
related Hume-Rothery phases, Laves phases,.-

" related tetrahedrally-close-packed phases, inter-
. stitia) phases, etc. the glass may be correlated

with crystalline alloy phases by structure (based
e.g. on similar short-range order or coordination
number) or electronic considerations. Table 2
gives a 1isting of alloy phases that have been
found to be connected with RGF in binary systems!4
Generally these phases have compositions lying in
or near the RGF composition range; however, if
Laves-Friauf phases of composition ABy or related
phases exist in an RGF system the glass tends to
occur fn the "opposite” region of the diagram
where the larger element A is the majority compo-
ntnt.]4’76'19 Presnece of both an RGF glass and
2 Laves phase in the same system is so frequent
that one migh designate these glasses in view
of their composition as "anti" -Laves phases.]9
In the context of considering the glass as
an alloy phase, Turnbull's concept]] is of
interest according to which there may be a
number of alloy compositions for which the
glass (formed by infinitely slow cooling)} is
the single phase with the lowest free energy
compared to all possible isostoichiometric
crystalline's1ng1e phases; it is thus the
single phase ground state for this composition,
(Among organic glasses, there is at least one
documanted instance for which Tg > Tm. j.e.,

JOURNAL DE PHYSIQUE ' -

where the glass forms upon cooling at a temp-
erature above Tm and where the glass transition
thus is an equilibriim reaction rather than a
constrained equilibrium reaction.)zo It is

not known whether this glass can alsp be
prepared from the terminal crystalline phases

as the product of a solid-state reaction between
them.

CLASSIFICATION

Glassy metals can be classified on the
basts of their constituents. In the light
of the preceding discussion of formation,
especially the RGF maps, it is clear that
ready glass formation is not possible if the
constituent elements are alloy chemically too
similar; for RGF to occur they must differ in
size by >15% combined with a negative heat
of mixing of >~10 Kcal/mole (due to electron
concentration and electronegativity difference).Z‘
On the other hand, there are probably also upper
Timits to the size difference and negative
heat of mixing which are consonant with RGF;
this point has not yet been established.

A brief listing of major and minor famiiies
of readily glass forming alloy combinations
is given in Table 3 (after Ref. 3).

Tadte I11. Readtly Glass Forming Alloy Systems Rased o
Chamtcol Classification of Canstitwents  Sef. );

Crowp fpresentative !
system

Mejor Systems
14 (or roble) wetal

eatelledd (R}, ... ... ...l Pe.s1, Lo-?, Fa.0 MDD
7' metal + 17 metal {or Cu)....lrCu, T1-21, Mot
Asgral s Dmmtal. .. .......... Ca-AL, %.2n
Lanthanide ¢ T2 or B retal......Le-Ni, Codle
Actiaide o TEmetal...... ...... U-fo, Pu-Ni

1 setel ¢ A mgta?
Actinige * T' meta
A mtal ¢ T astal. ..

A mpta) « L1, My groups; T' metal « early trangition meesl
(%. T1, ¥ grewps); T! mecal « lote trentitton meeal (M, Fo,
Co, ™ growps); B metal = Cu, In, Al growws; ~etelletd = 8, €,
$t, G, P
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MECHANICAL PROPERTIES

In this survey, we have space only to discuss
two sets of properties: elasticity, represented
by the Young's modulus €, and plasticity,
represented by the Vicker's microhardness “v'

We survey the correlation of these properties
with each other and their vartfation with compo-
sition for some representative glassy alloy
systems.

Elasticity: The Young's moduli E of many
metallic glasses have been accurately determined
using dynamic methods such as the pulse echo
technique which is suitable for melt-spun ribbons
of >10 cm length or the impulse-induced
resonance technique appropriate for short
samples of ~1 cm length such as those
typically obtained by arc-furnace hammer-and-
anvil quenching.zz Typically, the comqositional
variations of € across metal-me*al and metal-
metalloid binartes A-B show approximately linear
increases of E with increasing alloying element
content xB over a broad range of XB' As an
example, E for Zr-Cu glasses is shown Schematically
in Fiqg. 2.15 In metal-metal glass systems with a
sufficiently broad glassy composition range, a
maximum of E {s often found, generally at a
composition rich in the smaller component B, as
seen also in the plot of Zr-Cu. The occurrence
of a sharp maximum of £ and 1ts near-linear
change with composition over a wide range of
XB are features rot expected from simple
quasichemical theorfes of elastic property
variation. Correlations of the position of
Emax with alloy chemical features of the equil-
{brium phase dizgram have been noted.

The Young's roduli of elemental metallic
glasses have baen predicted to be 20-30% lower
than the values of the corresponding crystalline
elements by calcylations of the corresponding
Debye frequencies; 4,25 however, at present few
experimental data are availablie for comparisons
of glasses and crystals. For elements the
"crystalline" E values are known but
elemental glasses are hard to prepare and
measure; for alloys where E has been measured
for the glasses, the values for the corresponding
crystalline phases are not yet known. Prelim-
{nary dat126 show that the changes of E for the
crystalline phasas across the Zr-Cy diagram

roughly follow those for the corresponding
glasses. '

Plasticity: Due to the absence of work hard-
ening in glassy metals, they fail shortly after
the onset of plastic deformation in tension;
accordingly, tensfon stress-strain measurements
cannot be used as an indicator of plastic strength.
In compression, however, high strength values as
measured, e.9., by the Vicker’'s microhardness H,
can be realized; this strength measure is there-
fore widely used. "v has been shown to have a
remarkably consistent correlation with the
elasticity as measured by the Young's modulus E.
For many metalloid-free metal-metal glasses
varying over a wide range of strength values
from soft glasses such as Ca-ln27 to high
strength glasses such as Ta-!r22 there is a
linear correlation between H  and E, L implying
that for all of these glasses, regardless of
tne nature of their {nteratomic inceracttions,
size ratio, etc., the yleld strain ¢, is
approximately constant, according to the
relation

€y " °y/E°‘HV/E'
This result differs drastically from the sit-
uation for crystalline alloys, for which the
theoretical yield strain 1s rarely reached due
to Jislocation i.ovements; 1t implies that
metallic glasses, due to the apparent absence
of analogous defects promoting plastic deformation,
"1ive up to" their full elastic strength
potentfal more than crystalline materials.

It may be noted that for metalloid containing
glassy metals a somewhat different H, vs. E
curve exists, with a narrow band of values
corresponding to somewhat differing ¢ values;
Chen29'3° has suggested that ey depends on the
differing Pofsson ratios v of these glasses.

Thermal Stability: Thermal effects of interest
include, with increasing temperature, relaxation
processes, the glass transition temperature
{where observable), the crystalitzation temp-
erature(s) and further transformation tempera-
ture(s). We do not address the relaxation effects
here, .

Glass Transition Temperature T : T_ is

generally regarded as the most fundamental measure
of thermal glass stability since the two struc-
tural entities involved in the glass transition,
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i.e., the glass and the super-cooled 1iquid, are
very stmilar in their atomic arrangements and
many electronic properties (unlike the phases
involved in a glass = crystal transition),
differing drastically in viscosity, specific
heat, and assoclated properties. A model for
the glass transition can be given in terms of
the free volume theory in which the glass tran-
sition involves a cooperative rearrangeability
of the free volune V,.'!

For an elemental glass of atomic mass M 1s
is therefore reasonable to model the glass transi-
tion process in analogy to the model for the
melting process used in the derivation of the
Lindemann expression 3 for the melting point T

2/3 2 2/3
k‘l’:‘m "8, crm Ecr
where 'o,cr is the Debye temperature of the

crystal and Ecr is 1ts Young's modulus and V
is the atomic volumes. This leads to 32

23 2 _.2/3
KT ey io.g.cm Eq

- One expects that this relationship between T9
and E should be followed even more closely than
the corresponding Lindemann relation for the
melting pofnt because of the much closer similarity
between glass and 1iquid than between liquid
and crysul.32 Assuming the Lindemann ~-lation
to be valid, one would expect

1,84 .7

9 g:; m |
Unfortunately, these relationships for T cannot
be tested directly because elemental glasses always
crystalliize far below their glass transition.
Measured T_ values for glassy metal all refer to
4lloys rather than elements; unfortunately, as
discussed above, for these compositions the
relevant property values of the crystalline
phases such as Ecr or 8, .. 2re not yet avatl-
able. In any case the Lindemann formula cannot
be expected to hold for ordered intermetallics
because the implified model for melting assumed
for 1t may not agree with the melting mechanism
for an ordered phase. Rather than attempting to
make comparisons of the thermal propertfes of
glasses with those of the crystalline phases at
this time, we examine the relation between the
thermal and elastic properties for glassy alloys.
For the Ir-Cu systm., e.g., T_and Eg aré

proportional to composition over a wide composition
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range, with the relationship
Tg = I'Eg +b
over the linear range of values. While a
formula of this type can be understood readily
in terms of the viscosity at T_and its tempera-
ture dependence, 3 this expression obviously
cannot hold for small valyes of E_.
Crystallization Temperatures: The exothermic
processes associated with equilibration may
involve phase separation of a glass into two
glasses, phase separation into a glass and a
crystalline phase or crystallization into one
or more phases; ordering reactfons and recrystall-
{zation also occur. These complicated processes
involving nucleation, growth and other phenomena
cannot be readily and solely associated with the
elastic properties of the glassy alloys and any
observed empirical correlations of the crystal-
11zation temperature with E_, etc. could there-
fore be considered as coincidental; nonetheless,
correlations involving Tc are frequently g.eas
in the absence of observable glass transitions.
Probably the most important precaution necessary
in evaluating Tc as a measure of thermal stability
is to exclude “easy" crystallization processes
from consideration such as those frequently
taking place at the end of the glass forming
range at low alloying element contents. An
example of tnis situation is slown in Fig. 4
for the Ca-Al systea.w where elemental Ca
crystallfzes “easily” at low Al contents of
15-20 at.pct. Al, while above ~30 at.pct. Al
the "intrinsic” stabdlity of the glass with
respect to crystallization dominates the process.
In comparing glass stadbility as measured by Tc
for different systems, only glasses with high
alloying content should therefore be considered
and, secondly, only similar compositions can be
compared meaningfully. If such precautions are
taken, and fdentfcal, high-alloy-composition
glasses are compared for chemically related
systems, remarkably consistent correlatfons
between T_ and E, as well as between T, and the
equilibrium melting points T, of the crystalline
phases are sometimes observed, as demonstrated
for a serdes of T;-T, glasses 3 (Tg '3':'- Ta,
Tg = Rh, Ir) as shown in Fig. 5. Wang™ has
attempted to correlate glass stability with the
structural complexity of the corresponding

15
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alloy phases.

On the basis of these observations it is
apparent that, at least in first order ealstic,
plastic, and thermal stabilities of glasses
scale together; in some cases, in addition,
they are related to the corresponding properties
of the crystalline equilibrium alloys.
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1 vrder to y=derstand the unusual electronic trans-
hebaviar that appears in metallic glasses. 2 num-
if investigators have focused their attention on
hetmoelectric power, @, in these materials [1 -8].
thermoelectric power in metals is very sensitive to
uechanism for the scattering of conduction elec-
» >0 that a knowledge of this quantity can help
‘¢ which scattering processes are relevant in the
«3. In the nonmagnetic metallic glasses the measue-
.ts of Q have shown very simple behavior: overa
range of temperature (up to the crystallization
-rrature) Q varies approximately linearly with tem-
trire. There also seems to be a correlation in these
nagnetic alloys indicating that when the tempena-
cwefficient of resistivity, a ® (1/p) 3p/3T (where
“he resistivity), is negative the thermoelectric
=1 tends to be positive. This behavior can be ex-
vd most simply in terms of the exiended Ziman
;v [9] for the resistivity of amorphous metals. It
« shown [4] that for the Ziman theoty the ther-
ootrie power is

.,.

i Ep is the Fermi energy, ¢ is the charge of the
l ion,r contins the energy dependence of the po-

—— SRRV + O &

..‘ PE

We report the first measurement of the thermoelectric power @, of a metailic glass that contains only normal metals. The
thetmoelectric power of amorphous Cag gAlg.2 has been measured as a function of temperature from 10K to 420K. It is
found that @ is positive, varies linearly with temperature and has s small slope. This is similas 0 the thermoelectric power
found for other metallic ghasses containing large concentrations of transition metal atoms.

tential and .

S3EF SR 4(kp) 4 43 k.

Here §(k) is the structure factor and v(k) is the pseudo-
votential. 1f 2k lies near &, (which it the position of
the first large peak in the structure factor) then P aan
become much larger than | and Q can change sign and
become positive. The condition that 2 ki = %, is also
the criterion in the Ziman *heory for a negative value
of a. If 2k is far from k,, then Q should be negative

as is expected for a normal metal. In a binary alloy
these expressions become more complicated and one

“must rewrite them in terms of the partial structure fac-

tors. in this case one would expect to find a positive
@ and negative @ when 2k lies near the peak ol any
one of the patial structure factors.

One problem with the measurements that have been
performed until now is that the glasses studied all con-
tain 2 high concentration of transition metal elements,
The pseudopotential that appears in eq. (2) must be
replaced [10) by the appropriate -matrix since one is
definitely in the strong scattering regime. In this case

. there is some question whether the Ziman theory

should still be applicable {11].
In this paper we report the first measutement of
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HARDNESS vs. YOUNG'S MODULUS OF METALLIC GLASSES

S.H. Whang, D.E. Polk* and B.C. Giessen

Materials Science Division, Institute of Chemical Analysis, Northeastem University,
Boston, MA 0211

INTRODUCTION

It had previously been demonstrated that there
is an approximate correlation between the Young's
modulus E and the Vickers microhardness H of
metallic glasses (1). Further, it was noted (1)
that in a plot of H vs. E, the metal-metal (M-M)
glasses of intermediate hardness appeared to fall
onto a curve distinct from that defined by the
metal-metalloid (M-X) glasses; for a given hardness
the M-M glass had a lower E. The yield stress oy
of metallic glasses (and, since they are essenti-
ally elastic-plastic, the tensile strength) has
been found to scale with the hardness, i.e.
ay=H/3.1 (2), so that the maximum tensile elastic
strain is given by ey=H/3.| E. Because the curve
refating K t0 £ for the M-X glasses in Ref. 1 is
not a straight line passing through the origin, €y
for these glasses varies from 1.50 to 2.20%, while
¢, for the four M-M glasses studied in Ref. 1 was
found to be about 2.10%.

Subsequently, a direct proportionality was
demonstrated between H and the shear modulus G for
the 1imited number of M=X glasses where this quan-
tity was measured (3). I[u tension, non-brittle
metallic glasses fail on a localized shear band
(4); the observed correlation of H and G indicates
that the M-X glasses which were studied (3) fail at
a constant shear strain, within experimental
uncertainty.

The data reported below were gathered in order
to further explore the relationship between the
strength and the elastic behavior of M-M glasses
over a wide range of H and £ and to compare this
behavior to that of the M-X glasses.

EXPERIMENTAL METHODS

E data were calculated from the relation
E= vaZ; here VE is the velocity of an extensional
wave. Where well-spun ribbons Could be obtained,
vE was measured by the ultrasonic pulse-echo tech-
nique (5) on such ribbons; alternatively, the
impulse induce resonance technique (6) was used on
samples cut from foils which had been prepared by
the arc-melting piston and anvil technique. Ffor
magnetic materials, the pulse-echo measurements
were made on samples which were magnetically satur-
ated by the application of a magnetic field suffic-
jent to eliminate magnetostriction effects. The
density . was either measured directly by an immer-
sion technique or, in some cases, assumed to be 1%
less than that of the corresponding crystalline
alloy. H values were measured using a Shimadzu
microhardness tester with loads ranging from 25 to
100 g; in each case indentation depths were chosen
to be less than 1/6 of the thickness of the sample.
We estimate that £ is accurate to + 1.5% and H is
accurate (other than for a possible calibration
error which would be present in all samples) to
+ 3% (maxiwmem estimeted errors).

RESULTS AND DISCUSSION

Our results from measurements of H and E on
glasses of the indicated compositions are given in
Table 1 and are plotted in Figure 1,

Metal-Metal Glasses: Fig. 1 shows that for
the wide range of M-M glasses studied (for which
the E and H values cover almost an order of
magnitude) H is directly proportional to E.

*CURRENT ADORESS: Office of Naval Research, 800 North Quincy Street, Arlington, VA 22217
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TABLE 1. Vickers Microhardness H and Young's Modulus E of Glassy Alloys

Alloy H_(109W/M°) £ (10'%/w2) Reference
1. Ta ggslr.agy n.23 16.91 (6)
2. Mb gclr 45 10.02 15.06 (7)
3. Ta gg Rh 4 9.022 14.85 this study
4. Nb 4oNi g0 8.99 13.61 (8)
5. TaggM o0 9.36 15.05 (8)
b. Fe 558 55 10.94 18.62 this study
1. Fe goB 5o 10.00 16.66 "
8. Fe geB 15 8.58 15.07 ‘
9. Fe 5951 10By2 y.28 15.67 {9)
10. Fe g48 gglr og 8.85 15.03 this study
1. Ni 4681 108 15 8.00 13.65 (9)
12, “.7851.]08.12 8.62 14.89 9)
13. Ni.36Fe_3.‘,(:r_"P_"_,8.06 8.07 14.05 this study
4. Ti goNi 4051 19 8.33 12.30 (10)
15, Ti geNi 5651 40 6.52 9.59 (10)
16, TH coNt 40 6.7 9.58 00)
17, Zr y5lu g 6.32 9.34 (m)
18. Zr 39Cu 49 4.08 6.52 (1)
19. Zr 45Cu 5c 3.76 6.27 (1)
20. (Zr glu g) goB 19 6.30 9.31 this study
21, "-48'“.36".16 5.38 9.76 "
22, Pd 575Cu 06ST 465 4.99 8.77 "
23, Pd 4Nt 40P 158 05 5.40 9.66 "
8. Ca gl 4 2.61 3.96 (12)
25. Ca goCu o 1.77 2.89 (12)
2. Ca go2n 3¢ 1.51 2.49 (12)
27. Ca goAg 3¢ 1.28 2.68 this study
28. Ca gg(Al cPd () 35 2.07 3.20 *

Where deviations from this relation occur, they
are small (< 5%); even for the Ta-Rh glass which
deviated from the straight line for M-M glasses by
the greatest amount, the deviation is only approx-
imately twice the experminental uncertainty given
above.

The near-universality of this 1inear relation-
ship for M-® glasses is remarkable and is in strik-
ing contrast to the behavior of € vs. N for
crystaliine metals and alloys. However, it should
be pointed out that for some binary alloy glass
systems for which study of E and N was possible
over a wide composition range, subtle deviations
from the "master curve" occur; e.g., the values for
Ir-Cu glasses, indicated by a dashed line in Fig.
1, 1ie on a somewhat different straight 1ine which

does not pass through the orgin; the same is true
for some other alloy series not represented here
(8).

The "master curve" for M-M glasses is character-
1zed by a constant yield strain cy-H/3.'l-E-0.022;
this yield strain appears to be almost independent
of the composition and properties of the glasses
such as thefr cohesive energy or the atomic size
ratio of constituents. Indeed, the constant value
of ¢, for the M-M glasses suggests that these
glasses possess inherently similar structures,
atomic bonding character and, in particular,
plastic flow mechanisms. i

As mentioned, the observed universal l{near
relationship of H and € {s in espectally marked
contrast to the behavior of crystult!m alloys;
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Figure 1 - Plot of Vickers microhardness H against Young's modulus E for varfous

amorphous metals., Numbers correspond to compositions given in Table 1. 4
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o~y oum

[ = --_‘4

since the hardness of crystalline metals depends
strongly on the microstructure and degree of crys-
tal perfection, i.e. dislocation content, the H/E
value of any given crystalline alloy is not even
uniquely determined. Also, H/E values for crystal-
line metals can be much lower, e.g. >0.003 for pure
fce Rh {13) (covalently bonded materials can have
much higher H/E values, e.g. H/E =0.24 for diamond).
The fact that shear must be present in plastic
flow and the observations noted in Ref. 3 suggest
that a correlation between H and G may be even
stronger than the observed one between H and E. If
future observations of G indeed demonstrate a
constant shear yield strain, the observed constant
tensile yield strain would imply a constant
Poisson's ratio "’%G - 1 for all M-M glasses
studlied here; it may be noted that v is also nearly
constant for crystalline metals (14).
Metal-Metalloid Glasses: As suggested in
Ref. 1, the data for selected metal-metalloid (i-X)
glasses shown in Fig. 1 exhibit lower ° values for
a given E, compared to the correlation for M-M
glasses. Fe-Co-Ni glasses of high metalloid
content, such as Fe_7BSi.mB.]2, Ni.7851.108.]2,

Co 7851 108 12+ Fe 758 25, F@ goB p02nd F€ 958 1
form a "lower boundary” in Fig. 1, represented by
the dashed line. Other high-metalloid glasses in-
cluding Pt-X and Pd-X alloys also follow this cor-
relation. However, the separation of M-M and M-X
behavior is not complete; Ti-H-Sim glasses follow
the M-M correlation and, among the alloys with low
B content, F°.842'.088.08 1ies on the M-X curve
while Z'.4Sc“.458.10 is on the M-M curve. Also at
lower E and K values the distinction between both
curves is lost in the experimental uncertainty,
e.g. for Ca-M glasses. Further, we note that the
approximate M-X curve, unlike that in Ref. 1, does
not appear to intersect the M-M curve at high H and
E values.

We have considered the question whether there
might be a common master curve for toe M-M and M-X
hardness values if both were given in terms of G
rather than E. Our present H-t data do not suggest
a joint relation of H and G for both families of
glasses. While we have not studied the Poisson's
ratios of the M-M glasses presented here, it {s
a fact that for transition metals v varies only

ver & ralatively small range of 0.3 = 0.05 (14)
and it 1s not 1ikely that M-M glasses have v
values of magnitude and variation required to place

alt of the data on one H vs. G master curve. For
example, the Pd-Cu-S1 data point in Fig. 1 has the
Towest H/E value of the M-X glasses; this glass also
has a rather high v of ~0.40 (15). For a (hypothet-
jcal) M-M glass of equal hardness as Pd-Cu-Si lying
on the dashed M-M line to have the G value required
to coincide with the H vs. G point of Pd-Cu-Si, v
for this M-M glass (and for all other N-M glasses
if the M-M glasses were to have a direct H vs. 6
proportionality) would need to be ~0.16, which would
be an unusually low value (14). It is thus likely
that for H vs. G as well as H vs. E there would not
be a common master curve for M-M and M-X glasses.

While it is likely that the bonding character
of the glasses is responsible for the differences
between M-M and M-X glasses, we feel that at this
time there are not enough data (espectally H-G data)
available for a detailed discussion of potentially
contributing factors such as directionality of M-X
bonds, degree of d-bonding, etc.
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ALLOY CHEMICAL COMPARISON OF THE REFRACTORY METAL - NOBLE METAL PHASE

DIAGRAMNS TS-TLO (Ts = V, Nb, Ta; TIO = Pd, Pt)*

R. Waterstrat

American Dental Association Health Foundation Research linir. National
Bureau of Standards, Washington, D. (.

and

B.C. Giessen
Macrerials Science Division, Institute of Chemical Analysis and Department of
Chemistry, Northeastern University, Boston, MA

ABSTRACT

The six Tg-Ty5 metal alloy phase diagrams containing Pd
or Pt have now all been established. The alloy phases
occurring in these systems are tabulated and reviewed here
with respect to their structures.

An extensive study of the T-x phase diagrams of the binary alloy systenms
composed of combinations of the refractory Ts metals, V, Kb, Ta, on the one
side and the noble T}g metals, Pd and Pt, on the other side has recently
been concluded [1-5] by completion of work on the system Nb-Pt; this was
the last remaining, undetermined phase diagram of this group. (The system
V-Pd had been previously studied [6].) These studies were undertaken to
establish definitively the presence or absence of certain alloy phases in
these systems and to determine alloy constitution as a function of temperature
and concentration; in the process of this work, alloy chemical information
on structures, lattice parameters, etc., has also been gathered. A com-~
parative compilation of the salient alloy chemical features of these systems
is therefore possible and is given in the following.

The alloy phase data are arranged into an overview, Table I (which contains
data for the alloy chemically related T5~-Ni systems) and four individual
Tables II-V, according to phase type and stoichiometry [1-10]. While
most of the alloy chemical features are obvious from these Tables, we point
out some details in the following.

The tetrahedrally close packed (TCP) phases (also known as Frank-Kasper
phases) include Crj0 (A 15) type, o type, and u type phases. Of these,

Cri0 and o are Tg-rich; u phases occur only in Ni systems and have AB
stoichiometry, Cr30 and o-type phases occur together only in two systens,
in six systems only one of these types is found, and one system (Nb-Pd) has
no TCP phase.

At or near AB, there are high temperature phases in all systems of Nb and
Ta with Pd and Pt; while structures have been determined after quenching only
in two of them (Nb-Pd and Ta-Pd), all of these phases are assumed to have
disordered Cu type structures which are derived from the terminal Pd or Pt
solid solutions. Where ordered AB structures exist, they are distorted
phases based on the hcp Mg type structure (VPt and NbPt) or the bce W type
structure (TaPd).

*
Communication No, 164 of the Institute of Chemical Analysis at Northeastern
University, Boston, Massachusetts 02115, USA.
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Table I: Intermetallic Phases in TS-TIO Svstems (including Ni)
(Structure lype in Parenthesis)
Te-Rich AB AB, A8,
Svstem TCP Phases < Ref.
AB o HT L LT HT LT HT LT
b)
VeNi VJNi g Ni s.s. Ni s.83.|VNi, Ni s.s.|VNi {71
(CrJO) (o) (MoP:z) (TLAIJ)
v~Pd V3Pd - Pd s.s. Pd s.s. Vsz Pd s.s. VPdJ 16}
(Cr30) (MoPt,) (TiAl3)
V~Pt V3P: - |Pt s.s. VPt Pt s,s8. \'P:2 Pt s.s. VPt3 i3}
(Cr30) (AuCd) (Ho?cz) (TiAlz)
Nb-N1 - |- wong (@) - NN (71
(u phase) (TiCuJ)
Nb-Pd - - |Pd s.s. - Nb?d2 Pd s,s. B-Nde3 (1)
(HoPtz) (B-Rde])
c:-l\'bl’d3
(T£A13)
_ ) -
Nb-Pt NbJP: o {Pt s,s. NbPE Nthz 8 NbP:3 (4]
(AuCd) (HoPtz) (S-Nthj)
a-Nth3
(TiCus)
ra-na () - |- Tans (% TaNt, TaNXJ(d) (7]
(u phase) (HoSiz) (B-TaPtJ)
Ta-Pd - g JPd s.s. TaPd Ta?dz Tan3 {21
{y=-TiCu) (Ho?tz) (Ti:\ll)
La-?t - g [Pt s.s, - TaPt2 B-TaP:3 [5)
(TaPtz) (B-NthJ)
q-TaPt3
(TlCus)
(a) u phase is TCP (Frank-Kasper) phase (b) Off~-stoichiometric

(c) Ta~Ni also forms TazNi (AIZCu)

(d) TaNi

repoated (8

(TiCu

i) has also been
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vable Il: TCP (Frank-Kasper) Phdases in TS-T.U Systems

" Pd Pt
e 4 . - .
I HT:Single phase V s.s. ‘]Pt'rm,pcrxtectic 1800°C
l Int.T:2 phase V s.s. + Pd s.s. Cry0-Als tvpe
; . . = ° = 4,817 % (av 25 at.pez. Pty
v Lt V3Pd Tperim“\‘id 840°C a i7 (at ?
Cr3o-A15 type (cubic)
4= 4,815 &
1. NbJPl (19-28 at.pct. Pt):
2ni®
Tm,peritectic - 2020

CrJO-AIS type
a = 5.139 R (26 at.per. P2y
i NONE 2. "Nb,Pr" (31-38 at.pct. Pt)

= 1500°C
Tm.periteczic 1300
¢ - B~U type (tetra:onal)
a = 9,940 A (at 32 at.pct. Pt)
c = 5.145 X (at 32 at.pct. Pr)

. = 2 L4 . - 210°C
U’Tperi:ec:ic 1350%C G'Tperi:ectic 2210
J type o type
Ta | a =9.978 & a=9.95%
¢ = 5.208 & c = 5.16 A

The structures of the eight AB2 phases were comprehensively reviewed earlier
[9]. (Nb-Ni does not form an AB, phase.) Seven of these eight phases are
isostructural (MoPt, type) and are based on the Cu type structure of the Ni,
Pd, or Pt solid solutions,

All ABj phases are based on the same ordered, rectangular ABj mesh {8,110},
but with different stacking sequences, ranging in length from 2 layers (hcp-
like) and 3 layers (Cu type-like) to 6 and 12 layers. Of special interest is
the conversion of some stacking sequences into the 3 laver type by cold work
and the sensitivity of the stacking sequence to impurity conteat (8],

The quantitative interpretation of the structural transitions between
related phases must await future theoretical developments. In terms of the
ordering temperatures relative to the melting temperatures, the stability of
the ordered Tjg-rich phases increases on going from V to Ta and from Ni to Pt,
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Table I1I: AB Phases in TS-TIO Systems

Pd

Pr

v Pd s.s. (all T's)

HT: Pt s.s.:Tu ~ 1770°C;
LT: VPe :T o~ 1500°C
AuCd - B19 type
as 2.707 &
b= 4,767 A
c = 4,413

HT: Pd s.s.

.
Tm.peritec:ic v 1565°C
(at 60 at.pct. Pd)

o,
b Teutec(oid - f225 ¢
a = 4.020 A"

LT: ( < 1255°C)
Two phase b s.s. + NbPzz

HT:a'-Pe: T . = 1780°C
®,peritectic
(at 57 at.pct. Pt)
Teutactosd = 1670°C
(Structure unknown, prob.
Pt s.s.);
HT/LT: N>, Pb,

°
Tn,petitcc:lc ~ 1750°C
AuCd - B19 type (at 50 act.pct. Pt)

a = 2,780 A

b = 4.983 A
¢ = 4.611 A
HT: Pd s.s.
N ane - . . - ..
Tm . 1720°C, Teutettoid 1550°C HT: TaPt(HT) Tl,peritecllc 1795°%C
a = «.006 3;*
. - ae
Ta | Int.T : Two phase (c + Tlsz) Tcu:ec:otd 1635°C
. . - . 3 .
LT: Tapd'rpcritectoid 1410°C ;it:u:t?le unknown, prob
yTiCu - B'l type LT Two phase (¢ + TaPt,)
a= 3.279 A
c = 6,036 8

*measured on rapidly quenched alloys
They are pleased to acknowledge the superd contributions of their
collaborators in this program, Prof. N.J. Grant, Dras. R.H. Kane and D.P,
Packer, Ma, R. Koch, and Mr., R.C. Manuszewski.
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Table IV: ABz Phases in ‘I’S-—Tw Systems
Pd Pt
HT:Pd s.s.: Ty « 1360°C; HT:Pt s.s.:'!'m . 1805°C,
a ~ 3.868 };
v T:VPd,:T = e BRY : . °
L dz order 90s5°C, LT"'"Z'Torder 1100°¢C
MoPt, type (orthorhombic) MoPt, type
a=2,75 % a= 2,730 A
b = 8.250 & b = 8.323 A
c = 3,751 % c = 3,800 A
N : .l . ) : ~ 19¢90°*
'deZ rm, pevicectic e10%¢C “’sz Tm, peritectic 1£90°%¢
HoPtz type HoP:Z type
» a=2,839 4 a=2.801R
b = 8.376 A b = 8.459 A
¢ = 3.886 A ¢ = 3.951 %
: ~ d H 2 °
Tanz Tm. congruent 1800%c Tah’.’ rn, congtuent n2stC
Mo?tz type TaPtz type (orthorhombic)
Ta a=2.8% § a~ 8,503 4
b= 8.397 A b~ 4,785 A
¢ = 3,79 3 c 4,744 &
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; Table V: AB3 Phases in TS-TIO Systems
; Pd Pt
i HT: Pd s.s.:Tm ~ 1375°C; HT:Pt s.s.:T"| . 1800°C
a3.879 %
v LT: VPdJ:Torder = 815°C, LT:VP(B:Torde‘ = 1015°C
T1A13 type (3i) (tetragonal) TIA13 type (31)
a =384k a= 3,814
c = 7,751 A, c = 7,824 X
HT:u-Pd s.s.:l'“I ~ 1625°C; Nbptlzrm,congruent A 2040°C
LT: (k~ 1600°C) B-Nb?t3:B-Nth3 type (l2¢)
S-h'deJ:S-NdeJ type (61) (monoclinic)
(orthorhomb ic) a=5.5374 a = 90°32*
a = 5.486 A b= 4,870
No | b o= 4.845 A ¢ = 27,33 &
¢ =13.602 A;
a-Hde3:TiA13 type (3%) u-Nthjo.iCuJ—DOa type (20)
(orthorhombic)
a = 3.895 3 a = 5.53% 4
c = 7.913 %, b= 4.873 }
c = 4,564 &,
Tapd}”m.congruent - 1770.(: T'Ptjzrn,congruent * 2065°C
TiAl3 zype.(Jl) B-Ta?ta:s-fbrt3 type (128)
Ta ja= 3,880 A a=* 5,537 A a = 90°32.4'
¢ = 7.978 &, b= 4.869 A

c =27.33 A;
a-TaPtl:‘HCu3 type (27)
a=5.538 R

b = 4,874 %

c = 4,560 X,
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CRYSTAL CHEMISTRY OF METASTABLE ALLOY PHASES*

B. C. Giessen
Materials Science Division, Institute of Chemical Analysis and Depar:iment of
; Chemistry, Northeastern University, Boston, Massachusetts 02115 USA

EXTESDED ABSTRACT

3 Knowledge of the metastable crystalline alloy phases that can be prepared
from the liquid or vapor by non-equilibrium methods is useful because the
descriptive crystal cheaistry of an alloy system should include metastable
phases stable with respect to the components but unstable respective to other
p intermediate phases (1]}. 'Alloy phases within a certain range of positive free
2 energy of formation are also of interest, especially for systems without
) equilibrium phases. Accordingly, there have been some systematic "hunts" for
metastable alloy phases (MAP's) that can be prepared by rapid liquid quenching,
revieved in Refs. 2-7. The principal results of these studies on disordered

- (element-like) and ordered MAP's and some additional data are presented here.
‘ Phase Diagrams: The phase diagram representation of MAP's is discussed in
. Ref. 4; typlcally, MAP's are presented in: a "quenched phase plot" showing the
composition ranges of MAP's prepared by quenching; an augmented 1-x phase dia-
. gram modified by incorporating metastable phases; an augmented free energy
diagram; and an operational plot showing those phases retained by quenching
to a specific supercooling temperature ATg or by quenching at a given cooling
rate,

Disordered MAP's: Many B-metal phases of this type containing elemeats of
the Cu, 2n, Al, Si and As (Bl to B5) groups have been prepared by quenching
to -196°C [2,5,8,9,10]. Some of the findings were:

Metastable Hume-Rothery (HR) phases (VEC controlled) based on Ag and Au can
be prepared in systems in which the characteristic sequence a, 8 (or €}, v is
incomplete, such that a metastable HR phase is retained with the structure and
VEC of the first "missing™ HR phase [10].

Many alloys of 2Za, Cd, Ga, Sn, Pb, Bi and other low melting normal B-metals
form MAP's with the Cu type (fcc), In type (tetragonal, ¢/a S1), t (HgSn 5-10)
type (simple hexagonal), 8-~Sn type (tetragonal) and v(a-Po) type (simple
cubic). These allov phases lie in phase fields (characterized qualitatively by
ranges of the average VEC and average potential) containing many stable and
metastable allovs with different combinations of components and identical
crystal structures., Many of these structures have gradual or discontinuous
transitions to other stable or metastable phases or connect isolated, isostruc-
: tural regions, e.g., in the Cd-In system {8). The occurrence of these phases

can be understood in terms of pseudopotencial theory [2].
In B-metals, some HMAP's are structurally related to high pressure (HP)
phases. Thus, in the (simple eutectic) Al-Ga system, & MAP with the In type
is isostructural with a HP phase of Ga; conversely, the MAP may have the
(hypochetical) equilibrium structure of hydrostatically "expanded" Al [11}.

Some recent results are: A (Ga-Zn) MAP [12] is related to another HP form
of Gi. An unexpected, elemental crystal structure was found in the Hg-In
system, vhere a MAP with the actinide structure of 8-U was formed (9]. An w
type phase is formed by partial equilibration of a Zr-rich Zr-Cu glass (13},

s *Communication # 165 of the Institute of Chemical Analysis at Northeastern
’ University, Boston, Massachusetts 02115, USA.
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Ordered MAP's: Ordered MAP's were comprehensively reviewed in 1976 [7];
since then, many additional ordered MAP's were reported. Classification of
ordered MAP's [7] is based on their crystal chemical relationships to stable
phases or other metastable phases in the same system or in chemically related
ones.

Some ordered MAP's have very complex crystal structures: thus, metastuablc
Au,Si has a tetragonal subcell with 10 atoms/cell and a supercell where at
least one cell edge is 3 times that of the subcell [14]). Ordered MAP's are
often formed as transition phases during equilibration of metallic glasses;

a recent example is m-BeTi [15].

Ordered MAP's appear somewhat unpredictably in rapidly quenched alloys,
especially T metal alloys. Since as yet there is no generally recognized
‘theory for the correlation and structural prediction of ordered alloy phases,
an understanding of the numerous ordered MAP's interspersed between equilib-
rium phases oust also await the development of such a theoretical framework.
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