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Statement of Problem.Stuxlied

The subject of this program was a comprehensive study of the preparation
and the mechanical, thermal, structural and electrochemical properties of

titanium based metallic glasses, with emphasis on their wear properties,

as well as an extension of this work to some related transition metal based

alloy glasses.

This work required several innovations in equipment and experimental

techniques as well as construction of specialized facilities, in particular:

design of a melt spinner capable of processing reactive alloys, development

-. of a method to measure the Young's modulus of very small samples, and con-

struction of a wear test unit.
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P .Suummary of Principal Results

1. Construction of Arc Furnace Melt Spinner: As mentioned, a principal

* accomplishment of this program was the construction of a melt spinner capable

of processing refractory and/or reactive metal alloys such as those of
titanium. This problem was solved by constructing a two-chamber system with

an inert gas atmosphere arc furnace in the upper half to melt the alloy,

and a melt spinning system in the lower half. This system (which improved

upon a design found in the literature) is shown in the-appended Fig. 1. It

was successfully used to produce ribbons of Ti alloy glasses as well as of

other refractory metal alloy glasses. We have reported the details of its

design and operation recently at the Third Reston Conference (1). We hope

that future improvements of this unit will make it possible to operate it

in a continuous mode.

2. Design and Construction of Wear Test Unit: The wear test unit schematically

shown in Fig. 2 has been designed and constructed. This unit allows the
measurement of the wear and friction coefficients of foil samples produced

by rapid quenching. This unit was designed for use with both the short

strip pieces obtained by the arc-furnace hammer-and-anvil quenching process

as well as ribbons obtained by conventional or arc furnace melt spinning.

Also, the unit operates both under vacuum and inert gas atmosphere. The

unit has been described in a report of work done with it (2).

3. Development of Method for Measuring the Young's Modulus on Short Samples:

A major experimental advance of this program has been the adaptation of

a method for the measurement of Young's modulus E on short samples to

studies of refractory alloy glass samples. Until the development of an

arc furnace melt spinner such as the one described above, such samples

could Ionly be prepared in the form of short strips (about 1cm long)

cut from hammer-and-anvil quenched foils. For these short samples, the

standard pulse-echo technique for the dynamic measurement of E is not

applicable. Therefore, the impulse-induced asonance (11R) method of

modulus determination was studied and successfully applied; this method

had not been previously applied to alloy glasses. In this method, a

broad-band pulse is introduced into the sample by an impulse such that the

sample selects the resonance frequency which can be monitored by the
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transducer. In connection with the known length of the sample, measurement

of the frequency allows calculation of the sound velocity which, in turn,

yields E if combined with the sample density. This procedure and some

results obtained with it have been described in two publications (3, 4).

4. Relationship of Microhardness and Elasticity: We have completed and reported

(5) a comprehensive study of the connection between the Young's modulus E

and the Vicker's microhardness-Hv for many different transition-metal

glasses. These gl, asses belong to three different families (as classified

by-composition), combining (a) two metals; (b) a transition metal and a

metalloid, and (c) two mutually non-substitutional metals (such as Ti and Ni)

and a metalloid. This work has included the Ti alloy glasses studied in

other phases of this program.

The principal result of this study was that the data for the metal-

metal glasses (a, above) (including non-transition metal alloys) fall on a

straight line which can serve as a universal master curve; this relation

indicates that the shear strain at the yield point of glassy metals is

-approximately constant, regardless of their constituents and compositions.

The E vs. Hv data for the glasses containing metalloids (b, c) fall on a

different, approximately parallel line which is displaced somewhat towards

lower values of Hv; this indicates a reduced yield strain for these glassy

metals.

5. Wear Tests and Their Results: A principal object of this research program

has been the study of sliding wear on Ti alloy glasses as well as on. other

glasses based on transition metals.

During the first part of the program, while the wear test unit at

Northeastern University was still under construction, wear tests on metallic

glasses containing Ti were made at MIT, using the facilities and the pro-

fessional collaboration of Dr. N. Saka, an associate of Prof. Nam Suh of

MIT. Subsequently, we have carried out the bulk of the wear studies using

our new unit, incorporating also an extensive microscopic and scanning

electron microscopic study of the worn surfaces and the correlation of

friction coefficients, wear coefficients and microhardness data as planned.

In the following, we describe the wear results in more detail because of their

importance.

Three major families of glassy alloys were tested, with compositions as
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shown and with results as summarized in the following Table 1.

Glassy Alloy Hardness Wear Coefficient Coefficient of Suggested
- and Wear Rate Friction Mechanism

Ti, Zr base Delamination-

(Early transition Low Medium High like and
metal rich) abrasive

Fe, Co, Ni base Adhesive and
(Late transition Medium Low Low local fracture
metal rich)

Refractory metal
alloy (T5 - T9  High High High Delamination-
metals) like and

abrasive

The most general observation is that the wear of all metallic glasses studied

is characterized by htgher wear rates, as compared to crystalline alloys

containing these elements. However, comparing the glasses with each other,

they can be subdivided based on their relative wear resi3tance into groups

with medium-to-high and lower wear rates:

a) Alloys with medium-to-high wear rates have unique wear surface morphologies

and wear debris. The worn surface shows roughness, cracks and grooves; the

wear debris consists of small spherical particles, larger aggregates (%lO0)

and plate-like, rectangularly shaped debris (00-200). These morphological

characteristics cannot be distinguished from those resulting from delamination

wear of crystalline materials. This high wear rate was observed in Ti- and

Zr-rich glasses and refractory metal glasses (typically T5 - Tg element

glasses such as Ta-Ir).

b) Relatively low wear rates are associated with the low friction region of the

friction - wear rate diagram and occur for glassy alloys such as Fe, Ni and

Co rich alloys; however, even these glasses show systematically higher

wear rates than their counterpart crystalline alloys. Morphologically,

localized and fractured round dimples were found on the worn surface of

some of these lower-wear-rate alloys; fracture appears to have developed

slowly following long adhesive wear.
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For the first category, wear behavior cannot be explained by static

physical properties such as the Young's and shear moduli since high

strength glasses such as T5 - Tg metal glasses exhibit the highest

wear rates. The wear process is thought to be determined by crack

propagation in these alloys and is not due to "simple" adhesive wear,
while, for the second category, fundamental physical parameters such as

the Young's and shear moduli and the bond character, etc., seem to

determine wear behavior.

Alternatively, wear can be analyzed by a direct comparison of

hardness and wear rate; the relationship between these two parameters

is well established for crystalline systems. While a similar correlation

was found in the wear of the present transition metal rich glassy

alloys, it is not a universal correlation. Linear correlations exist

for each group of alloys in the log-log plot of the hardness and wear

rate diagram and these correlations can be described for each alloy

group by a single exponent; however, these exponents differ such that

there is no universal coefficient for all -alloy systems investigated.

The results of the wear resistance work have been described in

two publications (2, 6); several additional papers to be based on

completed experiments are still in progress (7-9).

6. Compositional Dependence of E, Hi, and Tc of Glassy Alloys: To obtain

a comprehensive characterization of the composition dependence of the

inter-related (colligative) thermal-elastic-plastic properties for a

family of metallic glasses of interest, an extensive study of these

properties was carried out on glassy Ti alloys with compositions

given by (Til.xNix)gOSilO. Also, the effect of different addition

metals M on these properties was studied in glassy alloys with the

composition Ti60M3oSilo where M = Fe, Co, Ni, Cu. This work has been

reported at AIME and MRS meetings and two papers based on this work are

in preparation (10, 11).

In the first of these studies (10) a maximum was observed as a

function of composition x for E, Hv and Tc. Similar maxima have been

seen in other series of glassy binary and ternary alloys; however, the

sharpness of the maximum was unexpected and attempts are in progress

to model this result in terms of the microscopic structure of metallic

glasses.
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In the second study (11), i.e., the series of tests on alloys

containing different metals M, good correlations of the three pro-

perties with each other and the group number (electron concentration)

of M were found. This shows that these properties are indeed colligative,

i.e. of similar origin, and depend on the electronic structure of the

M metal; however, the proper correlation is still under study. Further,

a comprehensive study of the elastic properties of Fe, Co, and Ni

based amorphous metals-was completed in association with H.A. Davies

and has-been publi.shed (12).

7. TheoreticalProgram: There has been a substantial effort to understand

the principles underlying glass formation in order to find simple

correlations between fundamental, readily accessible properties and glass

formation.

This work has been very successful. Two different approaches have

been followed and each has produced a useful two-parameter correlation

plot that can be used to predict ready glass formation (RGF) in binary

Ti alloys and other alloy systems. In one of these studies (13),

RGF was found to be associated with a combination of two phase diagram

features such as melting point depression and terminal solid solubility.

In the other (14), RGF is correlated with combinations of favorable

atomic size ratio and negative heats of formation which can be obtained

from standard tabulations.

Some of this work, as well as surveys of correlated thermal and

mechanical properties, have also been published in a review (15).

8. Corrosion Tests: In the surface chemical portion of this program,

dynamic voltammetric corrosion tests were carried out on Ti-Ni-Si

alloy glasses in neutral-to-concentrated acidic chloride solutions. Levels

of corrosion resistance comparable to those measured on melt-spun

"Metglas" type alloys containing Cr were found. In the series

(Til.xNix)goSilo the corrosion resistance (as deduced from the height of

the passivation plateau) increases with increasing Ni content. This

result was initially surprising; we had expected that corrosion resistance

would be primarily due to formation of a titanium oxide and would

increase with Ti content. We now believe that the corrosion resistance

is simply due to the more positive electrochemical potential of the Ni

rich alloy and that the Ti richer alloys corrode more because of a
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failure to form protective, passivating oxide films on these glasses.

Results will be published (16).

9. Comparison of E and H, of Glasses and Crystalline Alloys: In an extensive

study (17), elastic (Young's modulus E) and plastic (microhardness H.)

properties of glassy alloys from two pertinent metallic alloy systems were

compared to properties of the corresponding crystalline alloys. Two

zirconium alloy systems, Zr-Ni and Zr-Cu, were selected because there are

large glass forming composition ranges in both systems and the glassy alloys

had also been studied as part of this program.(see 6 above). The

results were interesting and in part unexpected: (a) While the mechanical

properties of the glasses change monotonically, those of the crystalline

alloys change discontinuously with composition; (b) While glasses generally

have lower moduli than crystalline alloys, one specific alloy phase was

found, Zr2Ni, where the crystalline compound has an abnormally low E value

that lies below that of the corresponding glass. The change of Hv with

heating is also of interest: Hv generally increases on heating up to a

maximum value and then decreases again to the final crystalline value. A

paper on these results is in preparation (18).

. . . . . . . . . . . . . . . . . . .. . . . . . . . .- . . .. . .. . . .
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