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ABSTRACT

New syntheses of devitrified Ti alloys as well as rapidly solidified

microcrystalline Ti alloys have been made using novel additive elements

(B. Si. Y. La. Co. etc.) and rapid quenching techniques. The glass

forming property of binary and ternary alloy systems has been studied

using a model based on a phenomenological approach. The extended solid

solubility of the additives were determined by TEN.

The microstructures of the DV as well as RS microcrystalline alloys

have been investigated by hEN with respect to heat treatment conditions.

The crystal structure, morphology and coarsening kinetics of the

precipitate resulting from the heat treatment in the synthesized alloys

have been studied by TEM. SEN. STEN. x-ray, EDXS and ELS. Mechanical

properties such as microhardness and bend ductility were measured on the*1 samples heat treated isothermally as well as isochronally. From the
results. microstructure-mechanical property relationships have been found.
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I 3 STATENINT OF P20DLEK STUDIED

The research conducted during the first year is comprised largely of two

categories:

1. To study principles for the alloy syntheses through rapid

3solidification processing. The study includes: the extended solid

solubility of the novel additive elements the identification of the

crystal structure. morphology, thermal stability of the second

R phases originating from the additives" the effects of these second

phases on age behavior, and other mechanical propertiess and the

5 overall structure-property relationship.

2. To develop the rapid solidification processing using the arc-

5 plasmas melt spinning technique. This includes the construction of a

pilot are-meIt spinner which can process a few pound of a Ti alloy at

a time into ribbons or flake materials and the establishment of the

3 processing parameters for the spinning.
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SUMMARY OF PRINCIPLE RESULTS

1. INTRODUCTION

For a long time. the design principles for Ti alloys have relied on

solid solution strengthening mechanism with an exception for the Si -.

oontaining alloys. One of the important reasons for that lies in the fact

that the conventional processing methods depend heavily on the feasibility

of a solution treatment. Now, rapid solidification processing provides

mesas that can remove such a major stumbling block and pave the way for

mew syntheses of Ti alloys which employ precipitate as well as dispersoid

strengthening mechanisms at the elevated temperature.

The establishment of the new design principles requires a series of

experiments that would elucidate the supersaturation of the additives, the

morphology as well as the coarsening of the precipitates and the

atrue ture-property relationships. Some achievement in these areas in the

first year of RS Ti alloy program at Northeastern University is summarized

as follows.

2. SIIMNTAL

Maeh attention has been paid to the experimental uncertainty

associated with the preparation of specimens. There are two aspects to be

considered: Firstly, to avoid a significant variation in the measurement,

the sample thickness is fixed for a series of experiments since the

cooling rate, which is a linear function of the thickness, Soverns the

microstructure and thereby mechanical properties.

Secondly, for the heat treatment, the samples were wrapped with Ta

foil and sealed together with additional Ti foils as Setter materials in

a vacuum of 10-3 or 10 - 4 tort. Frequently. the failure to attain a low

oxygen pressure results in an oxide form of the rare earth (RE) compound

2
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instead of other forms such as group IliA, IVA metals-RE rich

precipitates. For example, the as-quenched Ti-SAl-3La aged at 7000 C.2h,

under a 30 m torr shows a significant amount of cuboidal oxide

precipitate while the same alloys aged at 7000C, 2h, under a 10-4 torr

3exhibits very fine spherical precipitate which tentatively was identified

as A14La (orthorhombic).

3 3. SOLUBILITY OF ADDITIVE ELEMENTS IN TITANIUM

The homogeneity of compositions as well as the refinement of

microstructures are an essential part of the RS processing. In

5 particular, the extended solubility of an insoluble additive element via

rapid solidification has a beneficial aspect for the alloy design based on

the second phase strengthening. To date, the additives being widely used

are metalloids (Si,B) and rare earth metals (Y. La, Ce. Nd, Er, etc.).

5 Both type additives are poor solid solution formers with Ti for different

reasons. The primary reason for the poor solubility may be easily

Iexplained with the two well-known parameters, atomic size ratio between

£ the host and solute atoms and the heat of solution. The metalloids have a

very small atomic size and a very large heat of solution in Ti, which lead

to compound formation between them whereas the rare earth metals have a

very large atomic size and a positive heat of solution in Ti, which

3results in a imiscible phase.
TABLE 1

Maximum Equilibrium Maximum Extended
Solubility in Solubility
Phase Diagram at %

Alloy Phase Diagram Feature at % (°C)

Ti-Si euteotic 5 (1330) <6

I Ti-B eutectic -1 (1540) >6

3 Ti-C eutectic -1.5 (1650) -10

!3



Ti-La monotectic -1 (1550)
-1 (900) <0.3

Ti-Ce monotectic -2 (1390)
-1 (900) -0.6

* by the Hamer and Anvil technique (cooling rate -106k/sec)

Table 1 shows a crude measurement of an extended solid solubility of

the additives by TEN. At first, a large equilibrium solubility of

metalloids results in a large extended solubility and a small equilibrium

solubility of the BE metals to a small extended solubility. Also, an

unusual behavior of the extended solubility in the Ti-RE systems has been

observed, i.e., the maximum extended solubility is smaller than the

maximum equilibrium solubility. This behavior may be understood from the

monoteotic phase diagram feature of the binary Ti-RE system, in which a

large liquidus and solidus interval exists. Hence, it is likely that the

supercooled liquid decomposes into RE rich liquid and A phase in the

interval zone. This has been observed in the Ti-(2-4)La and the Ti-6A1-

4V-3La systems where the RE deposits along the subgrain boundary. Also,

this may be true from the viewpoint of the undercooling and nucleation

from a liquid becuse an extremely high undercooling (>0.4 Tm) as well as

homogeneous nucleation from the liquid can't be obtained using low grade

materials and a large quantity of liquid alloys. In addition, in the

table, the maximum extended solubility increases with decreasing the

atomic size of the additive element within the same type of additives.

4. DEVITRIFIED (DV) Ti ALLOYS

The advantage of DV Ti alloy is that extremely homogeneous and fine

miorostructures including precipitates can be generated from a glassy

4
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phase. lowever, one stringent compositional requirement is that the alloy

must be transformed into a glassy phase for a given cooling rate. It has

3 ihappened that some high-metalloid Fe based alloys satisfy both the glass

forming requirement as well as the alloy design criteria.

3 In this program, the glass forming ability (GFA) of some binary and

ternary alloys has been studied using a model. In addition, some multi-

Icomponent DV Ti alloys have been synthesized and investigated with respect
to microstruotures and mechanical properties.

a) -Glass Forming Property

5 It is well known that both the liquidus curvature near eutectic

and the terminal solubility are two important factors affecting

Sglass forming property, which has been observed from the experiments.
Furthermoreo a Tomperature-Composition Map (T-C map) that takes into

account these two factors using T0 line as a scaling parameter has

bos used to predict the glass forming property of a binary or

ternary alloy system, where To is an intersecting point of the two

loci of the liquidus and solidus curves in the free energy

oomposition diagram. The results have been satisfactory with a

5 certain accuracy, though it is based on a phenomenological model. In

fact, it is possible that the model may predict the glass forming

compositional range (GCR) with a large error because of the non-

linear nature of the To line in an actual case. Another problem

arises from the intermetallic phase or intermetallic compound phase

3 whose glass forming property is not well known. It has been observed

that the crystallization of a low-melting intermetallic compound can

I be suppressed during rapid quench:lng from the liquid, which allows

the supercooled liquid ^ tr i orm into a glassy phase. In

15
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contrast, a very high-melting intermetallic compound can be

suppressed and therefore treated as a terminal phase such as a pure

component from which a TO line originates. When a prediction of a

GFA in an alloy system is made by the T-C model using a partial or a

sub-phase diagram instead of using a whole phase diagram, the results

for GFCR improve drastically. The sub-phase diagram consists of one

terminal pure component and one neighboring intermetallic compound

phase or two neighboring intermetallic compounds as two terminal

phases. It is very difficult to know which compound can't be

suppressed upon rapid quenching and act as a terminal phase in a sub-

phase diagram since there is no theoretical or experimental basis to

determine the GFA of a compound. Therefore, the glass forming

property of a compound phase could be an interesting subject to be

investigated in the future.

b) Glass Forming Composition in Binary and Ternary Alloy Systems

The predicted glass forming compositions for Ti-Pt. Ti-Ni and

Ti-Si by the T-C model based on a sub-phase diagram are in a good

agreement with those produced by the experiments. Particularly, the

improvement of the prediction due to the sub-phase diagram scheme is

significant for the hypereutectic compositions.

On the other hand, the T-C model also has been applied to a

ternary system, Ti-Zr-Si in combination with a computer technique to

calculate the phase diagram. In this system, the reference liquidus

surface is constructed using the melting points of the two pure

components and the two compound phases (Ti$Si3 , ZrSSi3 ).

The predicted GFCR is also in a good agreement with the

ezperimental GFCR. The results indicate that basically the GFA is

6



governed by the liquidus depression as well as the solid solubility.

By and large, the pronounced liquidus depression in a ternary alloy

provides a large glass forming region.

c) Syntheses of DV Ti Alloy

Many Ti glassy alloys have been made using a variety of alloying

elements. In the case of the alloy syntheses, a general rule for a

selection of a possible glass forming alloy composition has been

established. The alloying elements largely are divided into two

categories: 1) Solid solution forming elements such as Zr, Hf, V.

Mo, Cr, Al, Sn, etc., to provide solid solution strengthening; 2)

glass forming elements such as Fe, Co, Ni, Cu, B, Si, etc. It was

found that for the cooling rate of -1061/sec, a glassy Ti alloy

composition is made of solid solution strengthening elements in 70-80

3 at S and glass forming elements in 20-30 at %, i.e.

Ti(Zr,Hf,V,Mo--). Si(B,FeCoNi---)y where x = 70-80, Y = 30-

Tnc20.

The devitrification as well as the succeeding age treatment of

the Ti glasses has been conducted at 550-700
0 C. The microstructures

resulting from the devitrification are on extremely small scales.

Both the grain size and the precipitate are less than 0.1 gm

diameter. The resulting strength increase is as much as -100% from

that of the as-quenched state whereas the ductility decreases to an

unacceptable level when excessive metalloid is used. After the high

temperature annealing, the grain size remains within a submicron

average. The strength at this stage still is much higher than that

a of the as-quenched state. Various DV Ti alloys including near a, a/A

and type can be synthesized by changing the percentage of each

..--,-



constituent in y elements (Fe. Co. Ni. B, Si. etc.).

Despite the superior microstructures of the DV Ti alloys over

the conventional as well as the supersaturated microcrystalline

alloys, an optimization of mechanical properties in these alloys

can't be easily achieved through the optimization of the composition.

However, the 0 type DV alloys rich in the late transition metals (Fe,

Co. Ni. Cu) can be potentially important systems in the future.

5. RAPIDLY SOLIDIFIED MICROCRYSTALLINE Ti ALLOY

5.1 MICROSTRUCTURE

Besides the fine scale of the microstructures due to rapid quenching

in the RS Ti alloys, the additional microstructural variation comes from

the type of precipitate, and the history of the heat treatment. In this

program, all RS Ti alloys contain one or more additives aiming at stable

precipitates at the high temperature, which differentiate the RS Ti alloys

from the conventional Ti alloys. The morphology of the precipitate is an

important factor for the strength as well as the other structure-sensitive

properties.

a) As-Quenched State

The prevalent microstructures in the as-quenched alloy are a

cellular structure, martensite structure and acicular alpha

structure. The cellular structure size at the cooling rate of

-1061/sec is less than 0.5 pm diameter. This structure has been

observed in the Zr containing alloy. a/P type alloys and near-a type

alloys. Secondly, the martensite structure with a fine scale is

widely found in near-a, a/P alloy in the cellular structure. In the

cr-Ti alloys, the acicular plate simply becomes finer with increasing

the cooling rate. Under the current cooling rate, the acicular cell

%8
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width is within 0.2 gm. The acicular structures are parallel to each

U other within the prior Beta grain.

Also, when the additive amount exceeds the maximum solubility

(as shown in Table 1). the precipitate starts appearing in the as-

quenched alloy. Typically, in the rare earth containing alloy, the

precipitate deposits along the network shaped sub-grain boundary. As

the rare earth amount increases, the sub-grain size becomes smaller.

This is indicative of a relationship between the sub-grain formation

and the precipitation in the RE alloys.

b) Aged State

The major difference between the conventional and the RS Ti

alloys may be found in the age hardening behavior of RS Ti alloys

whereas the behavior is absent in the conventional alloy except for

I the alloy containing Si. The age hardening in the RS Ti alloys

occurs between 550-7000 C within a few hours. The age temperature

increases with increasing the degree of the alloying by the alloying

elements. By contrast, the temperature decreases with decreasing the

atomic size of the additive elements primarily due to the fact that

the diffusivity of an additive element is fast for the small atom

(interstitial diffusion). In the aged state, the initial fine scale

.martensite structure disappears and a lathe martensite structure

emerges similar to that observed in the conventional as-cooled

46 alloys. The morphology of a precipitate is the characteristic of

each additive element. For example, Si addition to the alloy results

in equiaxed precipitates along the grain boundary or the sub-grain

boundary while B addition results in rod-shaped precipitate in a

random fashion. Meanwhile, the rare earth precipitates (group liA,

La 
9



IVA metal-RE metals) with an almost perfect spherical shape are

scattered uniformly in the matrix at the initial stage. However, the

rare earth oxide having a cuboidal shape is also uniformly

distributed in the matrix. The analyses of the precipitates

containing the group liA, IVA metals and the RE metals have been

conducted by TEN, SEN, STEM, EDXS and ELS. The results show that the

precipitate is tentatively identified as a non-oxide in nature and

rich in the group liA, IVA metals and the RE metals. For example,

the selected area diffraction pattern from the precipitate in Ti-5A!-

3La and the Ti-SAI-2.SSn-3La annealed at 700 0C,2h, was compared with

those from pure La, La203 , La3Al and Al4La. It turns out that the

pattern best matches that of A14La while no oxygen was found in the

precipitate by EELS. Hence, the precipitate is tentatively

identified to be Al4La (orthothombic). Also, in the rare earth rich

Ti-5A1-6Ce alloy annealed at 950 0 C, 2h, a large particle of a several

microns was found to be Ce rich Al composition. Nevertheless, there

is a good possibility that the oxygen is associated with the

precipitate since the oxygen has a strong affinity with the rare

earth metals as well as the group liA, IVA metals.

c) High Temperature Annealing (800-9500 C)

The Ti alloy samples were exposed at high temperature below the

a or A transus to study microstructures. The primary interest is in

the morphology as well as the coarsening of a precipitate, grain

growth and other structures such as twin, recrystallization, etc. In

general, the annealing was performed at 800-9500 C for 1-2 hours in a

vacuu sealed tube. As a result, a significant coarsening of the Si

and B containing precipitates has been observed, in which the g

10
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silicide precipitate is found along the grain boundary, but the

U boride precipitate was found to be random. The rare earth

precipitates are very stable at the high temperature, though to some

extent a precipitate free zone appears after the annealing (900-

950 0 C.2h). At this stage, the precipitate has a wide range of a size

distribution, but the average size remains less than 500 1.

5.2 MECHANICAL PROPERTIES

In the first year, preliminary mechanical properties such as

microhardness and bend ductility as a function of heat treatment have been

studied using splat foils and ribbon materials. A systematic study on the

isothermal as well as isochronal heat treatments has been made in order to

understand the aging behavior and the high temperature softening behavior.

1) As-Quenched State

£ A significant hardness increase has been found in the as-

quenched Ti alloy with an additive. This increment from the non-

additive alloy processed by rapid quenching derives mainly from the

solid solution strengthening by the additive element. A large

lattice misfit in the Ti matrix can be created both by metalloids and

by rare earth metals. Secondly, the strength increment for the same

amount of additive is twice as large in a-Ti alloys as it is in u/

type alloys. It is possible that the additive atom in the P phase

segregates to the grain boundary. The weak age response in a/A Ti

alloys may be associated with the high diffusivity of the additive in

Sphase. Table 2 shows microhardness increase in various RS Ti

alloys in the as-quenched state. Enormous increase is noted in the

RE containing alloy. However, the hardness begins to decline for the

excessive addition of the RE additive beyond -1 at % RE.



TABLE 2*0

IS TiAlloyAs-Quenched

RTiAlyStat. Increment per Atomic !.isfit
wt !S Microhardness**,Gpa at % (RA-RTi)/1 R~i

Ti-17.SZr 3.2

Ti-1?.6Zr-l.lSi 3.5 -9 -0.1

Ti-l7.8Zr-2.2Si 3.9

Ti-17.7Zr-O.42B 3.6 -13 -0.33

Ti-13.OZr-O.85B 4.1

Ti-SA1-2.5Sn 3.5

Ti-SAl-2.55n-2Y 4.2 -200 0.21

Ti-SAl-2.5Sn-MC 41.3 -22* 0.23

Ti-SAl-2.Sfn-3La 5.1 -470 0.27

Ti-SAl-2.SSn-1lB 5.7 -11

Ti-6A1-4V 3.6

Ti-6A-4V-2.2Si 4.1 -4-0.10

Ti-6A1-4V-lD 4.5 -6 -0.33

Ti-6A1-4V-lC 4.8 -9 -0.38£

Ti-6A1-4V-3La 3.9 -8*

RA: The radius of an additive atom

*:The first at % only

*:Data on the splat foils of 20 pm thick has an error of ±2%

In the third column, the increment is proportional to the atomic

misfit within the same type of an additive. I

2) Azed State

The age hardening in the Ti alloy containing Si has been known

for a lons time. Similarly. in a US Ti alloy which is highly

supersaturated with an additive, a massive nucleation of a GP zone-

like precipitate through the age treatment provides an optimum

morphology for the dislocation barrier. Therefore, the resulting age

hardening is much stronger than that in the conventional Ti allioy for

12



the same amount of the additive concentration. It turns out that age

hardening exists in the Ti alloys containing either metalloids or

rare earth metals or both. However, there are many differences

between the two types of the precipitates by the metalloids and the

3rare earth elements.
a. Metalloid Containing Precipitate

RS Ti alloys containing a boride or a silicide precipitate %

show a maximum age hardening between 550-7000 C within a few

hours. The maximum age hardening temperature is directly

5 related to the degree of alloying by the elements such as Zr,

No, Al, etc. The strength of the aged alloy at the maximum

value is as much as 20% higher than that of the as-quenched

alloy and -100% higher than that of the non-additive alloy.

I As is the case in the conventional Ti alloy. RS Ti alloy

undergoes overaging. This overaging characteristics are

associated with the alloy elements. It has shown that Zr and Sn

modified the overaging behavior by delaying or slowing down the

coarsening process. Another very distinctive aging behavior in

Ti alloys containing B is that two aging peaks appear in a

sequence during the isothermal annealing. It seems that the

first aging peak is attributable to a metastable precipitate.

b. Rare Earth Precipitate

The Ti alloys containing the rare earth metals exhibit a

!: similar age hardening to that of the metalloid precipitates.

Although two different types of the RE particles have been

a reported in RS Ti alloys, i.e., the rare earth oxide and the

rare earth precipitate. no age hardening has been known to be

13
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caused by the oxide particle. However, the new precipitates

which contain the group liA, IVA metals and rare earth metals

(but not oxygen) exhibit a strong aging behavior . The strength

increase at the maximum age hardening ranges from 20 to 50% from

that of the as-quenched state. Also, an addition of Zr to the

alloy minimizes an overaging. The precipitate size at this

stage is 50-100 I which is in the range of a semi-coherency.

The atomic size effects continue to show in the aged alloys

containing the rare earth elements. For example, a linear

relationship between the atomic size misfit and the

micaici - C, . . e;ved in the Ti-SAI-2.5Sn-3La (-2Yr3Ce)

alloys. No double aging behavior was observed in the rare earth

containing alloys.

3) High Temperature Annealing

Isochronal annealing (2h) for various RS Ti alloys show an

abrupt softening in hardness near 8000 C, which consequently appears

to be related to the coarsening of a precipitate. The hardness

nearly returns to the level of the as-quenched state after the 900-

9500 C, 2h annealing, but is much higher than that of the non-additive

alloy. The details of the coarsening behavior will be discussed in

the next section.

4) Bend Ductility

The geometry of the ribbon or the splat foil allows only the

bend ductility test, though the elongation and the fracture toughness

are the desirable properties to be studied. The bend ductility of a-

Ti alloys was determined as a function of heat treatment by both

yield strain for the ductile state and fracture strain for the

14



brittle state. The minimum bend ductility coincides with the maximum

B age hardening, and vice versa. However, at 8000 C, the ductility

returns to that of the as-quenched state while the strength remains

as much as 20% higher than that of the as-quenched state. Therefore

3 it is anticipated that the bulk alloy gains a significant strength

from the precipitate hardening after the high temperature

consolidation while maintaining a high level of a ductility in this

type of RS Ti alloys.

5) Effects of Cooling hte

5 RIt is well known that the relationship between the cooling rate

and the individual microstructural refinement has been expressed by

an exponential equation. On the contrary, a well-defined relation

does not exist between the cooling rate and the mechanical

5h properties. In fact, a mechanical property is related to the cooling

rate in a complicated manner through the microstructures such as a

supersaturation of an additive, marteasite structure, precipitate,

3 grain size, cellular structure, dendritic structure, etc. It has

been observed that the strength depends on the thickness of the

5 sample which in turn is a linear function of the cooling rate. For

example, in Ti-SAI-2.$Sn-3C* (-3La,lB) isochronal annealing for 500-

9000C, 2h, was conducted on two different samples of 20 am and 40 gm

thick respectively. The results show that in the as-quenched as well

as aged state the microhardness of 20 gm sample is -10% higher than

that of 40 pm sample. Theoretically, the cooling rate difference

between the two samples is a factor of two.

5 On the other hand, in the ribbon sample of 40 ;Lm thick, the

hardness is systematically lower than that of the splat foil of 40 pm

awl
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thick. As a matter of fact, the cooling rate of the ribbon is

roughly a half of that of the splat foil for the same thickness,

which means that the ribbon of 40 ps thick is equivalent to the splat

foil of 80 ;a thick in terms of the cooling rate. Currently, the

mechanical properties are being studied with ribbon materials.

5.3 SECOND PSASE PARTICLE COARSENING

The success of the alloy design for RS Ti alloys primarily lies with

the stability of the second phase at high temperature. The second phase

available in RS Ti alloys varies from the metalloid and the rare earth

compounds. A study on the coarsening of the second phase in Ti-SAl-2Si

has been conducted at a temperature range from 600 to 8000C for a maximum

100 h. The precipitate known to be Ti$Si3 (D88 structure) takes a nearly

spherical shape in the RS Ti alloy in contrast with a rod shape in a

single crystal Ti alloy.

The experimental results shows that at the temperatures of 700-8000C.

the coarsening data fits the Wagner's lattice diffusion model, which means

that the cube of the mean particle diameter is linearly proportional to

the time. Therefore, the bulk diffusion is the dominant mechanism in the

TI-SA1-2Si at this temperature range. The second column of Table 3 shows -,

the product of the effective diffusion coefficient (DO) and the

interfacial free energy (y) between the particle and the matrix which was

obtained from the d3 vs st, where d and t are the mean diameter of the

particlt and the soaking time.

TABLE 3

Temperature D . y Do (effective diffusion Self-diffusion
(0c) (1/se.) coefficient) (cm' /sec) coefficint of u-Ti

Cm I/sec

600 (1.3 x 10-16)  (-10-12) ---

16
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700 2.6 z 10-15 -10-11 9.8 x 10-14

800 4.2 x 10-14 -10 - 10 1.6 x 10 - 12

Instead of inserting the diffusion coefficient value of Si into the

Vagner's equation to obtain y value, the y was assumed in order to estimate the

order of magnitude of the effective diffusion coefficient. If the interfacial

fre energy for the incoherent Ti$Si 3 is assumed to fall between 0.5-1.53M- 2 ,

the De values listed in the third column are obtained. Also, the self-

diffusion values in the last column were calculated from an activation energy,

K58 cal/mole and a pro-exponential term, 1.0 cm2 /sec. From the comparison

between the two values, the Do value is two orders of magnitude larger than

that of the self-diffusion value. Furthermore, considering the fact that the

De is a coupled diffusion coefficient. the actual diffusion coefficient of Si

in Ti might be higher than the Do value listed in this table. In fact, the

i results for 6000 C better suit an arbitrary power relation, d3 "5=k.t. The

exponent 3.5 is an average of the lattice diffusion mode, 3. and the high angle

grain boundary diffusion mode, 4. Again, from the nicrostructural observation,

a high density of martensitic structure and subgrain structure was identified,

3 in which the subgrain size ranges from 0.1 pm to 0.5 pm diameter. As a result,

it is likely that at this temperature, the low angle boundary diffisuion may be

a dominant mechanism.

On the other hand, the TEM and SEM micrograph of the rare earth containing

alloys soaked at 900-9800 C indicate that the second phase particle is extremely

stable. Presently, the study of the second phase particle coarsening in a Ti-

Al-Y(-La,-Ce) alloy is underway. Also, it is interesting to see any

correlation between the coarsening and the atomic size of the additive element

since there is an indication that the atomic size of the additive elements is

related to the strength at the entire annealing temperature range. It is

presumed that the diffusivity of the larger rare earth atom in Ti is lower than

17
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that of the smaller atom.

6. MELT SPINNING PROCESSES FOR Ti ALLOYS

There have been many different melt spinning processes for Ti alloys.

They are the pendant drop melt extraction, the crucible melt extraction

processes and, recently, the arc plasma melt spinning process. The former two

processes are slightly different from the normal melt spinning process in that

the molten pool undergoes dragging by the spinning disk surface. Therefore,

thoproduct of these techniques is a half circled wire. As a result, the

cooling rate is not as high as that achieved by the ordinary melt spirning. On

the other hand, the arc plasma melt spinning technique can produce a thin

ribbon and, as a result, achieve a high cooling rate of -106 k/sec. Currently. b

a pilot scale melt spinner of this kind is being buIlt under this program.

As shown in Figure 1, the spinner consists of three functional parts. They are

melting compartment, spinning compartment, and ribbon processing compartment.

The detailed features are described below.

a. Melting Compartment

Pro-melted ingot alloy as starting materials is charged directly into

a cold copper crucible and additional granule alloy is continually

supplied by an auto-feeder to maintain the molten alloy level. The."

melting is achieved by arc plasma using a non-consumable tungsten

electrode under argon or helium atmosphere. The electrode swings round

above the melt at a maximum of 150 turns/min. to ensure the homogeneity of

the melt temperature. The power is supplied by a welder powder supply

(32KV,$0-750A). When the melt is super-heated, additional gas is

introduced into this compartment to inject the molten alloy through an

orifice centered at the bottom of the crucible.

b. Spinnins Compartment

18
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This compartment comprises two spinning disks, i.e., one has a flat

I surface and the other has a series of serrated grooves on the surface, and

a disk brush. The spun ribbon is thrown into the ribbon processing

chamber through an opening between the spinning compartment and the ribbon

processing chamber. The disk provides a variable speed at the maximum

surface speed of -45m/sec.

C. Ribbon Processing Compartment

The produced materials have two forms: flakes or regular spun

ribbons. These materials can be packed in a can under inert gas

atmosphere by a pair of gloves attached to the chamber door. Brittle

ribbons can be pulverized by a small hammer-mill inside the chamber

beforebeing packed in a vacuum-tight container. However, when the ribbons

are too ductile to break into particulates, they can be treated through

5 hydrogen embrittlement or cut into pieces by a mechanical chopper. An

el example is shown in this report.

I

I
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ZEFIEECTSOPE.NOVEL .ADDITIVES ..(B,Ce) ON. NICROSTRUCTURAL AND-MECHANICAL_

__________PROPERTIES IN RAPIDLY SOLIDIFIED ALPHA Ti ALLOYS

:-. C.S. Chi and S.H. Whang .

- ..... 341 Mugar, Institute of Chemical Analysis " '-.,
Northeastern University

Boston, Massachusetts 02115
USA

Small amounts of novel additives (B,Ce) were incorporated in a-Ti based
alloys via rapid liquid quenching. Subsequent heat treatment at a tempera-
ture range of 500-700 C resulted in a strong aging response in conjunction
with uniform and fine dispersoids (,100 X) in the matrix. EDXS spectrum of
a large precipitate in Ti-Al-Ce shows that the precipitate is rich in Al and
Ce, which indicates a strong possibility of a Al-Ce compound formation.
Microstructure of the alloy containing Ce continues to show that most pre-

3 cipitates are under 10.1 ;Am after high temperature annealing (9000 C,2h).
-The--aged strength in the alloys-containing 1 at-% Ce and 4-at-% B is 6.0-

and 7.0 GPA (DPH) respectively. Both Ce and B containing alloys annealed at
0

900 C, 2h demonstrate moderate strength in agreement with the micro-
structure observed.
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Introduction

Through rapid solidification processing (RSP) microstructure and
strength of RS alloys have improved in a great deal as demonstrated in Fe,A"
based alloys and superalloy.(l,2) Nevertheless, little study has been made
in Ti alloy systems primarily because of their strong chemical reaction with
crucible materials, which has been a stumbling block for the production of
RS Ti alloys at will. However, preliminary study indicates that the similar
microstruccural refinement (3-6), novel morphology of precipitate (4) and
unique mechanical properties can be achieved in RS Ti alloys. Drastic
increase in strength was noted in RS Ti alloy containing B and Si at the
aged state. A recent study in this area includes synthesis of RS Ti alloys
containing metalloids or pure Ti with rare earth metals (Y,Er) as additives.
(7) However, the role of'rare earth metals in pure Ti is to form segregated
particles or to give off rare earth oxide particles through the reaction
with free oxygen. So far, no systematic investigation of precipitation
hardening by rare earth compounds in relation to high temperature properties
has been reported. In this paper, we report on two different types of a-Ti
alloys containing metalloid (B) or rare earth metals (Ce). Both additives
do not have solubility in Ti at low temperature, but they are quite
different in atomic size and chemical interaction with Ti. Ce forms a mono-
cectic system with Ti (Figure 1) with a very stable miscibility gap in the
liquid whereas B yields very stable intermetallic compounds between Ti. In
the following, age hardening behavior and microstructural characteristics of
these alloys are presented. U

WEIGHT% Ti
Ce 5 0 4520 30 40 60 80 1n

I p I I I I I I

2000

L)600 /LQ.* ,,,, 8

,oo.,,0 LQ. . ,"
-----------------------.-

I 1090

4200 1 L/O + 0 - TO) 00440*nA .. - (T"v
( 400 1 L00 /(6-0Ti) ".I0 o

Cew S904 5 0708 0 i',

----------- ------- s
w 800L- L L i 8

C. ~ ~ ~ ~ 9. 102 000067 8 0T

ATOMIC % Ti400..

:u L - -,L pi 1s diagram

28 A

*'; " " " "'' " , -- ','' '. ' - -" " ,.," ,r'v, .- -,- ,- .- - . . . . . . . ... . . . .

t.. ulf P,. . S-.S . -,,., - k ,.. . .. ; . . .k .-.-. . ; . .... ,.. . .



4-C 7 .:- w 7 -k. .. (o. v..

..... . Experiments

The reactive nature of Ti alloys means that they require special care
during melting, solidification and heat treatment. in particular, serious
contamination by crucible materials, electrode, or excessive interstitials
(ON), etc., are subjects of concern. Hence, melting, splating, and
spinning are performed in a cold copper hearth under positive inert gas
atmosphere. All Ti alloys were prepared from pure elements having grades of
99.9 for Ti and 99.99 for other elements. Subsequently, for heat treatment,
samples were wrapped with tantalum foil and sealed in a quartz tube under
vacuum. Microstructural study was carried out by TEM, SEM or electron micro-
probe. TEM sample preparation was made by either electropolishing using
acid solutions or ion bombardment technique. Microhardness was measured by
Vicker's diamond pyramid hardness tester using 50g load and 30 sec duration.
The hardness value was determined by averaging more than ten indentations
from one specimen. The standard deviation of the data was ,=2%. Bend
ductility was obtained by measuring the diameter of the half circle of the
sample foil at failure. The strain to failure was calculated using an
approximate relation (8).

Results

IAlloy Systems

Typical a-Ti alloys were selected as base ailovs; fi-Al, Ti-Al-Sn and
Ti-Al-Zr-Sn. The amount of Ce and B in the aiiovs ranges from 0.5 to 6 wt.
,4. However, the maximum extended solid SioLubility of Ce and 3 for the
cooling rate of -i0°K/sec is -0.o at . and .3 at . each. :fxcess addition
of these elements results in precipitate (-50 A) at the sub-grain bounoaries
in as-quenched state.

Microstructures

TEM micrograohs of cuencnea 1i allovs from iicuid exhibit common features
existing in other RS alloys such as microstructural refinement, supersatu-
rated phase, and extremeiv fine precipitate or cluster if present. Aithougn
all Ti alloys studied share these fundamental aspects, the details of the
microstructure are different depending on the type of additive element used.

Ti-Al-(Sn)-Ce. It is important to understand any chemical reaction
that might occur during heat treatment due to the additive elements in "-1i
alloys. Splat foil of Ti-5A1-6Ce was prepared and annealed at 950 C for
24h under vacuum. The annealed specimen shows under SEM that some precipi-
tates are as large as several microns diameter as shown in Figure 2(a).
Subsequently, the precipitate was checked with energy dispersive x-ray
spectroscopy to identify the constituents. The results are shown in
Figure 2(b) and (c), in which the spectrum from the precipitate reveals
proportionally strong Al and Ce peaks whereas weak Al and almost negligible
Ce peaks are present in the spectrum from the matrix. This is an indication
that the precipitate might take the form of a compound existing in the
binary Al-Ce phase diagram

As a practical alloy, Ti-5AI-2.5Sn-3Ce was investigated by TEM with
respect to the microstructures for the different stages of heat treatment.
The as-quenched micrograph (3(a) and (b)) exhibits very sharp alpha grain
which is divided by netwurk shaped ;ub-grains. Also noticed was extremely
fine precipitate .it the suo-grain 5oundaries ( 50- '100 X). .\At the agea
state, a high densit,." oi fine particles k it)() are uniformly distributed
in the grain k4(t) iin t)) preceuLd i)v tkIv disappuarancu ): 1no sub- :rain
boundary. :,:o segregatiOLn LO tu d rain buounary was .,bservt. rO ,r
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Figure 2(a) -SEM micrograph ofaprecpi~ate
in annealed Ti-5A1-6Ce (950 C,24h)

Figure 2(b) -ENXS of the matrix of the same alloy
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-Figure 3(a)- TEM micrograph Figure 3(b) -Diffraction pattern

(BF) of AQ Ti-5 from Figure 3(a)
Al -2. 5Sn-3Ce

4. A.

Figure 4(a) -Bright field Figure 4(b) -Diffraction pattern
xmicroqraph of aged from Figure 4(a)

Ti-6-2.b-3Ce (70002
2h)
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Figure 5 - BF micrograph of annealed

Ti-5-2.5-3Ce (9000C, 2h)

find the coarsening behavior of the particles, the specimen was annealed at
900 C, 2h, which is shown in Figure 5. Still, most particles remain under
4O.1 ,:m diameter but a precipitation free zone starts to appear along the
grain boundary.

Ti-Al-Sn-B. Previously, the boron containing Ti alloy was found to be
different in microstructure and age hardening behavior from the Si contain-
ing alloy (9). As-quenched Ti-5A1-2.5Sn-iB alloy (Figure b(a) and (b))
produces much finer acicular structure than that in the Ce containing alloy
and thereby results in a semi-continuous diffraction ring. A trace of
boride formation in the as-quenched state was confirmed from the bright
spots inside the first ring.

High temperature annealing (9000 C, 2h) induces grain growth as well as
coarsening of needle-like boride precipitate (Figure 7(a) and (b' ). !he
boride and grain size at this stage are 0.05-0.5 -m long and 0.2-0.5 _m
diameter respectively. The orientation of boride precipitate appears rancom
because many of them lie across the grain boundary or have different orien-
tations in the same grain. The needle shape boride is only found in RS Ti
alloys so far.

Mechanical Properties

In the previous section, the morphology of precipitate resulting from
heat treatment at the intermediate temperature forecasts a significant
change in mechanical properties. In this paper, precipitation hardening
phenomenon in RS Ti alloys containing Group liA and IVA metals (AI,Sn,Ge)
will be presented.

As-Quenched State. Supersaturated solid solution of a-Ti alloys con-
taining a small quantity of additive element via RSP gives rise to a
significant increase in strength primarily due to solid solution strengthen-
ing, and to a lesser extent due to microstructural refinement (Figure 6).
For example, despite microstructural refinement, no significant increase in
strength for RS Ti-5A1-2.SSn was observed. The increase is 30% for the Cc
containing alloy and 70% for the B containing alloy from AQ Ti-51-..3Sn
alloy. The difference between the two alloys is largely due to high con-
centration of B (,- -at ) rather than that of Ce .I at '). Also, it is
noticed that Zr addition further increases strnigti due to ali'ving i l uCt.
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-Figure 3(a) -TEM micrograph Figure 3(b) -Diffraction pattern
(BF) of AQ Ti-5 from Figure 3(a)
Al-2.5Sn-3Ce
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Figure 4(a) -Bright field Figure 4(b) -Diffraction pattern
microqraph of aged from Figure 4(a)
Ti-b-2.b-3Ce (700O1:
2h)
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Ti-5-2.5-3Ce (9000C, 2h)

*find the coarsening behavior of the particles, the specimen was annealed at
0

900 C, 2h, which is shown in Figure 5. Still, most particles remain under
1-0.1 ,:m diameter but a precipitation free zone starts to appear along the
grain boundary.

Ti-Al-Sn-B. Previously, the boron containing Ti alloy was found to be
different in microstructure and age hardening behavior from the Si contain-
ing alloy (9). As-quenched Ti-5A1-2.5Sn-iB alloy (Figure o(a) and (b))
produces much finer acicular structure than that in the Ce containing alloy

-and thereby results in a semi-continuous diffraction ring. A trace of
boride formation in the as-quenched state was confirmed from the bright
spots inside the first ring.

High temperature annealing (900 0 C, 2h) induces grain growth as well as
coarsening of needle-like boride precipitate (Figure 7(a) and (b', ). The
boride and grain size at this stage are 0.03-0.5 -m long and 0.2-0.5 -.m
diameter respectively. The orientation of boride precipitate appears rancoin
because many of them lie across the grain boundary or have different orien-
tations in the same grain. The needle shape boride is only found in RS Ti
alloys so far.

Mechanical Properties

In the previous section, the morphology of precipitate resulting from
heat treatment at the intermediate temperature forecasts a significant
change in mechanical properties. In this paper, precipitation hardening
phenomenon in RS Ti alloys containing Group IIIA and IVA metals (AI,Sn,Ge)
will be presented.

As-Quenched State. Supersaturated solid solution of a-Ti alloys con-
taining a small quantity of additive element via RSP gives rise to 'a
significant increase in strength primarily due to solid solution strengthen-

*ing, and to a lesser extent due to microstructural refinement (Figure 6).
For example, despite microstructural refinement, no significant increase in
strength for RS Ti-5A-2.5Sn was observed. The increase is 30% for the Cc
containing alloy and 7.o f. the b containing alloy from AQ Ti-51-2.sn

alloy. The difference hetween the two alloys is largely due to high con-
centration of fner atu t rather than that ha Ci I at co). .Iison il is
noticed that Zr addition urther ancralabns str(n900th duc J groll aswelCt.
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Age Hardening. In Figure 8, the alloys were aged at 6000 C as a ,S
function of time. Both Ce and B containing alloys show a strong age
response at this temperature, which is consistent with microstructural
observation in Figure 4(a). The hardness increase in the aged alloy is as
much as 20-40% from the as-quenched state. Therefore, the maximum strength
at-the age state is-as much as twice that of as-quenched Ti-5AI-2.5Sn.
After 20h annealing at this temperature, a significant softening occurs due
to overaging. Beyond the strength increase due to the precipitation, it is
important-to understand the origins of the precipitates in the two x-Ti
alloys. The precipitate in the B containing alloy having a large lattice
parameter is basically titanium boride while that in the Ce containing alloy
is in the form of a compound rich in Al and Ce.

Isochronal Annealing. In order to conduct isochronal annealing, each
specimen was annealed for two hours at temperatures from 500 C to 900 C.
At the same time, this annealing experiment was performed on two kinds of
samples, i.e., 20 m thick and 40 pm thick. The results are shown in
Figure 9 and 10. By and large, maximum strength occurs at 7000 C and
softening starts at 8000 C. For the entire temperature range, the thinner
sample maintains higher strength by 10% than the thicker one does. The
thickness of the sample is inversely proportional to the cooling rate (10)
which, in turn, is related to the degree of supersaturation of additives and
microstructional refinement. The thickness effect is relatively large in
as-quenched as well as aged state.

Bend Ductility. Ductility is one of the critical parameters in the
process of the evaluation for the suitability of a practical alloy. Owing
to the geometry of as-quenched sample and the premature failure of ribbon
materials, a bend ductility test was performed. Ductility and strength are
two opposing parameters in which the relation is not a simple form of
function. In Figure 11, as age hardening proceeds, bend ductility rapidly
decreases and reaches a minimum value at 7000 C where age hardening attains
a maximum value.

Discussions

Ti alloys containing RE metals have different aspects from those con-
aining metalloids in terms of alloy chemistry. The rare earth elements
have very limited solubility in Ti due to their large atomic size whereas
the metalloid has small atomic size. In both cases, the size difference
from Ti atom is more than 15%. Secondly, chemical interaction between RE
elements and Ti is insignificant while that between the metalloid and Ti is
strong due to the large electronegativity difference. These differences
are well reflected in the phase diagram viz. very stable intermetallic
compounds exist in the Ti-B diagram whereas in that for Ti-Ce, a very stable
liquid miscibility gap and no compound phase are found. On the other hand,
maximum extended solid solubility of Ce in Ti is less than three times that
of the maximum equilibrium value, which is considered to be the low limit of
the extended solid solubility in RSP. The reason for this may be as follows:
as a monotectic system, Ti-Ce phase diagram has in particular a large
liquid-solid mix zone between horizontal liquidus and solidus lines. That
makes it difficult for an additive atom to remain unsegregated during rapid
cooling. The comparison between the role of B and Ce in RS j-Ti alloys is
summarized in Table 1.

Precipitate hardening was also found in other A and near-u-Ti alloys
containing Y,La or Nd (11). Age hardening also was obtained when Al was
replaced by Sn or Ge since these elements interact with RE metals in a
similar manner. Although fine precipitate can be obtained by R'SP, L11.
unique effects may be found in the shape change of a prccipitate. ior
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TABLE I

A y Probable Site Compound Age Precipitate

.A ve in AQ Ti Phase Type Hardening Shape _ _orDholoV

3 Octahedral Ti-B Yes Needle shaped Random

Ce Substitution- Ce-Al,Sn,Ge Yes Spherical Fine & uniform
al. Site

example, in a Ti alloy containing Si, only needle shaped or high aspect ratio
of silicide is found in conventional alloys whereas equiaxed or spherical
shaped precipitate repeatedly is observed in RS Ti alloys. The reason for
the modification of the shape may be that the coherent particle becomes

.*. easily incoherent due to the high density defects available in the as-ouenched
alloy. On the contrry, in the B containing alloys, it is possible that tne
precipitate readily maintains semi-coherency in one direction (at least) and

* thereby reduce a significant amount of interfacial energy.

A good correlation between atomic radius ratio (E.) and hardness value
for the aged sample was found, i.e., strength increase is linealy proportional
to the atomic size ratio for the range from 1.2 to 1.3 E.. It is possible
that strength increase may be very small near 1.15 Z. if an asymptotic
approach of the correlation line to the origin is assumed, which is in prin-
ciple in agreement with Hume-Rothery's rule of solid solution. From the
correlation in Figure 12, an empirical relation may be derived,

H = KF.C and H (E.) = KC l(a)
ii

Where H is hardness increase, C is concentration of a solute, K is constant,
and E - (RA-RB)/Ri; RA, RB are atomic radii of rare earth metals, A and B.
Eq. la) may be rewritten as

-y-jH)= 3.E:nC  l(b)
3.6 .

Where a is yield stress increase, - is shear modulus and n is unity. If is
taken to be %60 GPa, 3 of eq. l(b) becomes -12. This expression is analogous
to Nabarro's (12) and Cottrell's (13) relations in which size effect is a
major factor.

i.e. a = P En C (2)

Where oa is a constant varying from 0.23 to 2.5 and n is 1 <n<2. Therefore,
Aby assuming that Z= E. and n - 1, 3 becomes five times larger than the

largest 3. Nevertheless, these two equations describe different correlation
curves since in equation l(b) e. is the only independent variable while in
equation 2, C is the only variable. On the other hand, in Figure 12, it is
unlikely that the correlation line remains linear for the entire range
since a straight line cannot meet the origin, i.e., here, hardness-value fOr
AQ Ti-SAl-2.5Sn. Hence, in equation l(b) n is approximately unity for a
limited range.

Finally, strength increase in as-quenched alloy is presumably attri4 utco
1 to two factors. One is microstructure refinement and the other is the

increased solubility of a solute beyond the equilibrium value cue to tie
rapid solidification. Particularly, since both the cxtension o, :oe -ol -

. . bility and the refinement of microstruoturc are proportionai t L:v cooix.-
rate, the cooling rate increase in an alloy ,ontaining lnSOluLiLi .iditives
expected to show raoid enhancement i.. .4trei''th 6ue to toe o)MDin0U ctfcCL
from the extended solubilit-y anu tn:c micro';Lr,,cturc rctinement.
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T%r instance, in .\l -11oy 1 nicrUstructure r iinuMenL a±eae Lz'.
doubling the cooiing rate increases hardness bv 4, while in [i-Al-Sn-U the
increase is as much as -10% due to the solubilitv increase alone, which is
estimated from the relationship between the sample thickness and hardness
value.

A I

RS Ti-5A1-2.5Sn-RE

7.0 p.

a-- oage 70.92

6.0-(')
,,, 3 CeA

0 5.0 -Y-
C-,

U Y/
/ ,.-.

/4.0 I

AQ Ti-5AI-2.5Sn

3.01 I I I
1.0 1.1 1.2 1.3

RRE/RT

Figure 12 - Atomic size ratio vs microhardness in Ti-5- V

2.5-RE (RE: 2Y,3La,3Ce)

Conclus ions

I. -A-Ti alloys containing the group IIIA and IVA metals (AI,Sn,Ge) and rare
earth metals (Y,La,Ce, etc.) form precipitate during heat treatment,
which give rise to a strong age nardening.

2. The precipitate appears to take the form of a compound which exists in
the phase diagram between group liA or IVA elements and rare earth
metals from EDXS analysis.

3. Strength increase was observed in as-quenched as well as aged states.
The overall increase is as much as 30-807 from that of AQ Ti-5,\-2.53n.

4. It is possible that for other types of Ti allovs such as near-ilDha, ,1U
., alloys microstructure and muchanical -properties -an oe modilied ,
the rare earth addition discussed in this paper. 38
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J. Strength increase in RS _t-Ti alloys is a linear function of a misfit

V. % parameter, which is consistent with the previous theory.

6. Sample thickness, therefore cooling rate is a non-negligible factor
affecting the strength of as-quenched and aged alloys as well.
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ABSTRACT

Rapidly quenched Ti rich glassy alloys containing B and Si were made and devitrified
as functions of temperature (550 - 950,C) and time. Different aging responses for Ti,-
ZrNioBn and T Zr NiSi were observed from the annealing experiments. For t42
fogerhtfi~tal ;IstllgihAo r~4 ponse was followed by a strong second response after a
long-hour annealing at 7000C whtle for the latter the first response only was detected.

Awl. Alsothescond aging in the TiZr-Ni-B alloy develops very high hardness as well as a

;I Nicrostructure of heat treated Ti Zr Al Ni B glass at 9500C for 2 hours shows
that grain size remns within sub-mic~ln an ic Q ameter while precipitate grows in-
to a half-4icron size of acicular shape. .

Introduction

Recently, a unique microstructure exhibiting high hot and cold strength has been synthesized
via devitrification of glassy alloys containing metalloids (1][2][3]. Particularly, this group of
alloys, in which sub-micron equiaxed metalloid dispersoid and metalloid-insoluble metal matrix form
a network structure, gives rise to a microstructure stable at high temperature with unique mechani-
n cal properties. Similarly, a large quantity of metalloid elements (,up to 20 at %) can be dissolved
in Ti alloys via glass formation and later precipitated out by annealing. The following is a pre-
liminary study of devitrified microstructure and mechanical properties of Ti rich glasses.

Experimental

An alloy button prepared in an arc furnace under inert gas atmosphere was splat-quenched using
hammer and anvil technique. The sample foils were examined by x-ray diffractometer to determine
amorphousness. Subsequently, the crystallization of the glassy alloy was studied by DSC-2 calori-Imtry with a heating rate of 80 K/mtn and a temperature range up to 1000 K. To study aging beavior
the samples were wrapped in thin tantalum foil and sealed in quartz capsules under vacuum (10" torr)
the capsules samples were heat treated in a furnace as functions of temperature and time. Hardness
of the samples was measured by Vickers diamond pyramid tester using 50 and 100 g loads.

Results

a) Glassy State

Table I shows measured hardness (Hv) and crystallization temperatures (Tx) for some Ti-Zr-M-B
(Si) alloys and as-quenched Ti-6A1-4V alloy, where M is Cr, M4o, Ni and Al. Young's modulus was esti-
mated from a correlation between hardness and Young's modulus in glassy alloy (4]. Each alloy has
more than one exotherm. The temperature at which the strongest peak occurs was Indicated with anI
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Table 1
Prorties of TI-Rtich Glassy Allows Before and After Crystallization

Alloy As-Quenched Nlcrohardness Estimated Crystallization Aged; 750C I

Structure Nv (sPa) Youngs odulus Temperature (C) 2h. Hv (GPa)

TI7oZr1oNI10 10  Glass 6.31 (6) -.115 357.452 9.7

TI8ZrAl4N1 I 12  Glass 6.27 (6) -114 407.477 9.6

Ti 70Zr1 oId 10 S1 10  Glass 4.94 16) .87 413.S44- 8.8

T1 70 ZroJbO2Cr4 N'4 S 10 Glass 5.83 (6) -.106 419.SS1l.,67 6.2

Ti-6GAI-4V Cryst. 4.28 (C)

ihjor mtme"

asterisk in the table. It is interesting to note
that Ti ,Zr ,Ni1 B1n does not exhibit any strong
exotherW1 ilak'shown in Fig. 1(b).
The crystallization temperatures of Ti .,Zr Ni

1 35'. Si are similar to those of Ti Ni SI Tasio
Is NI(4e*C, 539c) [5]. The Ti all6ys gont 9ning B

*show higher hardness in both glassy and crystal-
line states than the Ti alloys with Si. Overall,
hardness values at aged state are as much as 10 -
80% higher than those at glassy state.

b) Heat Treatment
As-quenched glassy alloys were crystallized

4VMO S isochronally at a temperature range of 550 - 950°C
for 2 hours. Measured hardness for Ti Zr1nNi

(a) Si and Ti Zr NI B alloys was pl1ted aglnst
andlaling tXe2tu 1 9i shown in Fig. 2. For
both alloys lower temperature annealing gives rise

TI Zr N1 8 to higher strength than higher temperature anneal-
79 N 0 10 ing, which is expected from the growth kinetics of

grain and precipitate. The fact that in Ti Zr.0-
Nn hardness does not change in the ranp of
7560-19500C may be indicative of insignificant
microstructural change above 7500C. Isothermal . -

ai annealing was conducted on Ti, Zr Ni 8 and
Ti,0 Zrt10 NStlf at 700C bel6N rau ushown in
FIR.3. IttitT aging response presumably comes
from a-Ti and titanium-metalloid compound. How-
ever, the second aging response for the Ti-Zr-Ni-
B alloy occurs after ten hour annealing. Also, it

760 5U! U. is interesting to point out that similar double
t aging was observed in Ti Zr B but not in

(M) Tigo-xZro10 Si, where x -9:§ [KX

Figs. 1(a) and 1(b) One of two exotherms for the
Ti-Zr-Ni-Si (a) is very strong in contrast with
two weak peaks In the Ti-Zr-Ni-B (b).

2.874

287



.I. - -. -. . - . . , . , . ,., . .. . ,-.... , 
. 

. -. - -o., - - .

"." T I^~oN XIO X -B, Si
Fig. 2 Isochronal anneal-

TI ME- 2k ing (2h) at a temperature
I range of 550*C - 950C for

Ti70 Zr10 Ni 0B10 and Ti70-
IL. Zr 10 Ni10Si 10

7.0-

Ae' """0.- -

55 5 750 80 950

Anneaing s pei -ure, .C

'.O4

4 TEMP. =700 IC
13

-- IFig. 3 Isothermal anneal-
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Nicrostructure

Bright field TEN micrograph of Ti Zr Al Ni B alloy aged at 550*C for 4 hours shown in Fig. 4(a)
exhibits very fine early stage crystalTzatioiAR Jaain growth. The corresponding diffraction pat-
tern shown in Fig. 4(b) also confirms the fact tha. grain size is indeed very small from the continuous
first debye rig. A number of bright spots inside the first ring indicate the existance of precipi-
tates having a larger cell size, probably borides.

In Figs. S(a) and 5(b), microstructure of the Ti-Zr-Al-Ni-B alloy annealed at 950C for 2 hours
exhibits sub-micron grains and randomly scattered needle shape precipitates. From these micrographs
grain growth in the devitrified Ti alloy is not serious even at the elevated temperature and the grain
size remains within a sub-micron range while precipitate grows large enough to alter mechanical proper-
ties of the alloy.
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812 aged at SSO0C for 4 hours.

Fig. 5(a) Mlco icrograph of TiZrAlN llo Fig. 4(b) Dighfraiipatirn mof rp of(a).)
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.T Discussions

Glass forming ability of TI alloy containing Si is superior to that of Ti alloy containing B.
For example, glass forming was observed in binary Ti-Si but not in binary Ti-B. Also, Ti Zr .Ni Si1 ^
alloy forms glass upon quenching while Ti80.xZrloNi xBO alloys require full 10% Ni to go go 9ss9
state.

It is speculated that precipitate reaction corresponding to the second aging response shown in
-the isothermal annealing of the Ti-Zr-Ni-B alloy my not be shown in the DSC-pattern as well as in
the isochronal plot probably because of its high temperature and sluggish kinetics. The reason for
the double aging in the Ti-Zr-Ni-B alloy may be as follows. For the initial age hardening, orthor-
homic TiB or unknown (Ti, Zr)B type may be formed (based on phase diagram information). At the same
time, the formation of hexagonal ZrB or perhaps (Zr, Ti)B can be possible thermodynamically although
nucleation and growth of this compound my be sluggish. Terefore, the second aging is believed to be
associated with the precipitation of this compound. On the other hand, single aging response for the
Ti-Zr-Ni-Si alloy is consistent with that for Ti-5Zr-lSi [7], in which (Ti, Zr) Si was identified as
a G.P. zone precipitate instead of TiSi. The devitrified Ti alloys in this eipepiment are brittle

Vexcept the Ti-Zr-Mo-Ni-Si. Furthermo'e, extensive brittleness develops in these alloys after long
time annealing at a higher temperature. This is coincident with the microstructure of the annealed
Ti-Zr-Al-Ni-B alloy in which acicular shape precipitates were found. However, for the Ti-Zr-Mo-Cr-Ni-
Si alloy, a significant portion of ductility remains after devitrification and annealing at higher
teWperature (700 - 1000OC).
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University, Boston, MA 02115

In order to make a more accurate prediction for glass forming ability (GFA)
4of alloy systems, the temperature-composition map was further modified by

considering kinetic aspects of solidification. Glass forming ability as
well as compositional range (GFCR) for Cu, Ag and Au rich binary alloys
were studied using the modified model. All predictions are in good agree-
ment with experimental observations. It is shown that GFA of eutectics
depends on the local morphology of the liquidus curve and the melting points
of the base phases involved.

1. INTRODUCTION

Search for glass forming compositions has been conducted near eutectics in

alloy phase diagram since an abnormally deep eutectic is considered as the most

probable site for glass formation.1  In fact, experimental results show that

the high value of reduced glass transition temperature, Tgr occurs near the

eutectic. However, at present, since it is not possible to predict glass

transition temperature by ab initio calculation, other approaches have been

taken that use indirect parameters with different origins in order to predict

GFA as well as GFCR. These parameters include reduced liquidus temperature,

degree of undercooling, viscosity, atomic size ratio, electronegativity

difference, heat of formation for liquid metals, valence electron concentra-

tion, type of intermetallic compound, etc. Intlally, these parameters are

employed individually to identify GFA, which is reviewed elsewhere.
2

The methodology used for the prediction may be divided into two categories.

They are: 1) to distinguish ready glass formers from non-ready glass formers

based on thermodynamic principles, in particular utilizing phase diagram

features; 2) to predict GFA based on correlations between fundamental parameters

and GFA. In the first category, the first systematic step toward the prediction

of GFA was made using reduced liquidus temperature based on ideal solid solution
3theory. The prediction by this model is limited to those eutectics without

terminal solid solution. Subsequently, for more broad application, the mixture

*Sponsored by the Office of Naval Research, Contract N00014-82-K-0597 51



of the melting points of the two pure components, TL0 as the reference liquidus
4

temperature was proposed. Such schemes for GFA prediction were seriously

challenged when applied to binary Ti alloys where terminal solid solution is

pronounced. Based on empirical observation, an additional parameter so called

reduced eutectic composition, CER was introduced to construct 2-D map together

with the reduced liquidus temperature, TLR in order to take into account the

effect of the excess stability of the solid solution ot GFA.5

On the other hand, GFAs of various binary alloy systems were predicted in

the 2-D map of heat of formation for liquid metals and a'.omic radius ratio of

the two components without the aid of phase diagram.6 This approach is similar

to the Darken-Gurry plots7 and Chelikowsky map8 in which the types of solid

solution was successfully predicted in 2-D maps.

It is shown that in general the predictability is improved drastically when

two different parameters with different origins are employed in a 2-D map.

Presently, a new approach using multi-parameters to identify GFA and GFCR based

on pattern recognition method is under study.9

2. TEMPERATURE-COMPOSITION MAP (T-C MAP)

Previously, from the relationship between linear T and nearly constant T

the following approximation was derived:5  g
TM 2E-M (2 -1) *K for 0 < CER (I)

E ER
-7R 2 -1) if T<T& TA T B

ZTL. 'z AM (<E M -M

Where ATM aEATM _ TE; TLR a (TL TL)/TL° ; and CER (CE-Cs)/CE

TAMis melting temperature of component A; TE is eutectic temperature, TL is

* the liquidus temperature; C is solid solubility at the eutectic temperature;

CE is eutectic composition; K is constant determined from the T-C map. In --

particular, in the original T-C model, the liquidus depression of those .-" "

eutectics associated with compound phases was measured with TL0 by neglecting

the related compound phases. By considering many similarities that exist

between the terminal pure component phases and the intermetallic compounds such -

as To/TM = 1,stoichiometric compositions, relatively sharp free energy curves,

etc., tentatively those compound phases will be treated as terminal pure

components in this model. As a result, each phase diagram can be divided into

many "sub" phase diagrams that can be dealt with independently for GFA. In the

following, the detailed aspects of the modified model will be explained with

sample phase diagrams:

52

,.--



Example 1: If an alloy system either possesses only one eutectic or many
. -> intermetallic compounds that can be easily suppressed during quenching and

therefore can be treated as a single eutectic system, TL0 can be used as the
reference temperature. A good example is Zr-Cu system shown in Fig. 1, in I
which the intermetallic compounds existing at intermediate range have low melt-

ing temperatures as well as being not kinetically active upon quenching. Pre-

dicted and experimental values for GFCR are in excellent agreement.

40 - .... "- -

at

two WWI

- a. , Ii1

• 0 0 W3 40 SW W M IW SO 10

I ATOMIC PERCENT

CTheATOMIC PERCNT Zr F IGURE 2
The reference liquidus line, TL be-

A FIGURE I tween the melting points of TiLand Ti5
A tie line between the melting points Si 3,.-. of Zr and Cu as the reference liquidus
temperature

Lia.... iy w I K .b. .. .TaI6~

*ba -bee

ATOMIC PfRCENT Zr . -a, % So

FIGURE 3 FIGURE 4
The reference liquidus line was drawn Hypothetical nucleation situation of
between the melting temperatures of undercooled melt at a temperature be-
Zr and ZrBe 2  tween Tg < T <TE

VExample 2: If the melting temperature of an intermetallic compound TM is
much higher than TL° , the compound may be too stable thermodynamically as well

as kinetically to be suppressed upon rapid quenching. In that case, obviously,

sub-phase diagram approach should be taken. In Figure 2, the sub-phase diagram
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was constructed by Ti and TisSi3 phases. The corresponding reference tempera-

ture is 1* as indicated in the Figure. The prediction for GFCR is consistent 1Lwith the experimental results.

Example 3: For those compounds that have low melting temperature, but the
crystallization can't be prevented for a given quenching rate, the sub-phase

diagram approach provides better results for GFCR. An example is shown in
Figure 3 and the corresponding hypothetical nucleation situation'is shown in :"
Figure 4 referring to TEM observation.10

3. BINARY ALLOY SYSTEMS

3.1 GFA of eutectic alloy
GFA of eutectic compositions for Ti,Zr,Si and Al alloy systems have been

reported.5  In this paper, some of the eutectic alloys in Cu,Ag, and Au rich

binary systems were investigated using the T-C maps. All alloy samples were
melted and quenched in an arc melting furnace using the hammer and anvil

technique. A majority of samples were e25um thick and believed to be

0 •0 0 . ..

0.2 0 i~ 2 N -
TO 

.3o o.
'ao-. . T ^.% . ".- ,

0.4 .4

Cot Ca
0.6 , 0.4

0.5°0. 1

FIGURE 5 FIGURE 6
Predicted ready glass formation for Predicted RGF for eutectic alloys of
eutectic alloys of Cu-M systems by Ag-M systemsT-C map

0.1

OLZ lif
To-

0.

Pill"

0. I

0 6
t 90 6 5 4 3 2 -

Ca.

FIGURE 7

Predicted RGF for eutectic alloys of
Au-M systems 54
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quenched at the cooling rate of ^106K/sec. Figs. 5, 6 and 7 present the GFA

of eutectic alloys for Cu,Ag and Au rich binary systems respectively. A good
separation between the ready glass former (RGF) and non-RGF was observed for

all alloy systems. One particular case is Cu70Silo which is supposedly a good

glass former according to the initial T-C model. Now, considering the solu-

bility of intermetallic phase, Cu70Si30 becomes a non-easy glass former in the

map with CER value of 0.66.

3.2 Glass forming compositional range (GFCR)

GFA models based on phase diagram have an advantage over other models in

that precise glass forming compositions can be predicted in binary alloy

systems. Although previously accurate prediction of GFCR by the original T-C

model for many binary alloys have been demonstrated, GFCR was exaggerated for

some alloy systems. The modified T-C model resolved such an inconsistency of

the previous modeL Those alloys are shown in Table 1. For Ti-Ni,Ti-Si,Ag-Ca

and Au-Ca, precise prediction for GFCR is possible by the modified model. For

the rest of the alloys, a significant improvement was made by the new model.

TABLE 1. GLASS FORMING COMPOSITIONAL RANGE FOR BINARY ALLOY

. -Original Modified Compound
Alloy Exp. T-C Model T-C Model Structure

Ag-Ca 60-85(Ca) 9-90(Ca) 62-87(Ca) CaAg (fcc,Al)
Au-Ca 72.5-88.7(Ca) 82-88(Ca) 72-89(Ca) Ca Au

Au-Sn 29-n.35(Sn) 13-90(Sn) 20-44(Sn) AuSn (NiAs,B81 )

Fe-B 13-27(B) 8-42(8) 8-30(8) FeB (Orth.Rh. 827)
Ti-Ni 25-40(Ni) 11-68(Ni) 25-39(Ni) TiNi (CsCl,B2)
TI-Si 15-20(Si) 13-14(Si) 15-21(Si) Ti5Si3 (Mn5Si3 ,D88 )

Zr-Be 30-50(Be) 15-72(Be) 16-55(Be) ZrBe 2 (AlB 2 'C32)

Zr-Pt Q2O- 40(pt) 12-28(pt) 11-34(pt) PtZr(CsCl,B2)
Zr-SI 13-22(SI) 9-10(Si) 10-18(Si) Zr5Si 3 (MnsSi3,D88 )

5. DISCUSSIONS

For Cu,Ag and Au rich alloy systems, the T-C map systematically deviates
from the standard map.5  In other words, TLR value along the RGF boundary curve

increases more rapidly in these alloy systems than in the standard map.

Therefore, K in eq (1) appears to be no longer constant. Such a deviation may

be understood from the fact that the T0 line at hypoeutectic side is concave

upward. However, it is not because the disagreement between ATM/TE and TLR

becomes larger with decreasing TE. An example may be found in Ag-Cu system

in which solid solution can be stabilized over the entire compositional range

by rapid quenching.
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GFCR prediction was greatly improved by the modified T-C model. However,

systematic information that identifies GFA of intermetallic compound phase

has not been available. From Table 1, it is noticed that the majority of

kinetically active compounds occurs at 50-50 composition. Also it is inter-

esting to see that a third dimension such as normalized quantity Tn/T12 or

T/T is added to the T-C map, where T is cooling rate. Currently, a lack of

data in this area would be a major stumbling block in incorporating such a

kinetic parameter with the T-C map.

Finally, equilibrium phase diagram does not represent the kinetic behavior

of super-cooled liquidus metals. Instead,.metastable phase diagram would be

a great help in understanding the kinetics of intermetallic compound phase

upon quenching and thereby predicting the GFA of the entire phase diagram.
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INTRODUCTION
The glass forming ability (GFA) of numerous alloy systems has been a subject of study

by many scientists in the last two decades. As a result, a number of models have emerged
that can be used for the prediction of the GFA of binary alloy systems. All these models
have foundations on semi-empiricalism while ab initio calculation from the first principle
has not yet been developed. In the beginning, the glass forming ability of binary alloy

( systems has been studied by a single parameter, i.e., a reduced liquidus temperature that
derived from a phase diagram (1,2). However, the prediction of GFA by a single parameter
has not been satisfactory except for a simple phase diagram such as a mono-eutectic system
without a terminal solid solubility. Recently, the use of two parameters in a two-dimen-
sional map (2-D map) has received much attention since the separation between the ready
and the non-ready glass formers becomes distinctive in this scheme. As a more fundamental
approach, two parameters such as the atomic radius ratio between the solvent and solute
and the heat of solution for liquid metals has been utilized in a two-dimensional map to
predict ready glass forming binary alloys (3-5). Another 2-D map with two parameters,
namely of the reduced liquid temperature and so called "reduced eutectic composition"
(T-C map) has been employed to determine the GFA as well as compositional range in a
binary alloy system (6,7). For 100 binary eutectic alloys of Ti, Zr, Al, Si (6) and
Cu, Ag, Au (7) which were quenched at a cooling rate of %406K/sec, the GFA has been
predicted correctly by this model, which is consistent with experimental observations.
In addition, the glass forming compositional ranges (GFCR) in 19 binary alloy systems
identified satisfactorily by this model. The advantage of this model, based on phase
diagram features, is that a precise glass forming composition can be determined. In

Spractice, it is important to know the glass forming ability of ternary or higher order
alloy system but, to date, no attempt has been made to predict the GFA for such systems.
The prediction of the GFA of a ternary system requires dealing with additional problems.
First, the details of the ternary phase diagrams for the majority of ternary alloy systems
are not known. Secondly, no model has been known to be effective in dealing with the
GFA of a ternary system. These are the subjects of discussion in this paper.

MODEL
It is well known that a large liquidus depression at the eutectic in the equilibrium

phase diagram is often associated with ready glass formation upon rapid liquid quenching
(8). However, when a terminal solid solution in binary systems is also present, the

S result is a stable extended solid solution instead of a glassy phase. Therefore, it
is important to consider these two factors simultaneously in order to determine the
ready glass formation of any alloy composition. Theoretically, when liquid metals
cool down beyond a T0 point which is an interesting point of the two loci of the
liquidus and solidusocurves in the free energy-composition diagram, it is possible
that the undercooled liquid transforms into a partitionless solid solution upon rapid
solidification since the eutectic decomposition from the liquid phase is a very slow
process (9). However, when the T0 line plunges sharply into a solid phase so that an
opening between the two T0 curves near the eutectic is created, the liquid often
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transforms into a glassy phase upon rapid quenching (9,10). This may be so because the
glass transition only competes with the eutectic reaction at the opening. Although glass -

transition temperature changes monotonically as a function of composition in an lloy
system, it is assumed to be a constant in this model. Accordingly, the T0 line is the
only controlling parameter for determining the glass forming ability. Now, the T line
in an alloy system is deviating from a lineality, but it is dealt as a straight lqne in
the present model. From the simple geometrical relation in a phase diagram, the follow-
ing equation may be obtained, which is described in detail elsewhere (6,7).

2TR - 1) 2: K for O<CER<- - ---------------- ------- (
ER

where TLR = (r - TL)/r.; CER (CE" Cs)/CEr -T= weighted average of melting points of

two pure components, TL a liquidus temperature, CE = eutectic composition, Cs = maximum

solubility at eutectic temperature -

K is a constant which is determined by a boundary curve that separates the ready and non-
ready glass formers in the T-C map. As has been applied successfully to binary alloy
systems by the author (6,7), this model could be also employed for a ternary system if
the TLR and C values can be determined. The liquidus surface of a ternary alloy system
can bi obtaltR by experiment or by computer technique. In this work, the computer
technique for the calculation of phase diagram based on regular and non-regular solution
model developed by Kaufman et al (11) were employed to determine the ThR and C values
for a given K value in the equation (1). The K value obtained from th previ work for
the binary alloy systems is 0.1. This K value again will be adopted in this calculation.
It should be mentioned that in the previous binary works,_the better results for the
glass forming compositional range has been obtained when T was replaced by T! where

• ((fi - fB)/fl)* T-NT + (fB./fi)*T: fI the atomic fraction of the B type atom in the

in the compound phase; fB the atomic fractionof the B atom in the composition under con-

sideration; TA. the melting temperature of the A type atom; T* the melting temperature of
the compound Ohase. In this case, the A component and the cAmpound phase are postulated
to form a "sub-phase diagram* (7). Hence in this work, this sub-phase diagram approach
will be used to yield a better result. Now, the reference liquidus surface in the Ti-Zr-Si
system contains the four melting temperatures of Ti5St3, Zr5St3 , pure Ti and pure Zr.

At first, two straight tie lines, i.e., one between Ti 5 Si3 and Zr Si3 and the other between

pure Ti and pure Zr, are drawn and as a next step, to obtain the T surface, many tie
lines connecting the original two tie lines are constructed in such a way that the tie
lines point to the Si vertex in the ternary phase diagram. The predicted glass forming
range will be compared with that obtained by experiments in the following.

EXPERIMENTAL

The ternary alloys along the eutectic line in the Ti-Zr-Si were prepared in an arc-
melt furnace and splat quenched into 20-25 um thick foil from liquid by the hammer and
anvil technique. The splat foil were examined by x-ray diffractometry to confirm 6
their amorphousness. The cooling rate in this thickness range is estimated to be N10 K/sec
from the Ruhl's calculation (12). The experiment continued until the glass forming
compositions were mapped in this system.

RESULTS AND DISCUSSIONS

Figure 1 shows predicted glass forming compositions outlined by dashed lines while
the hatched area indicates the glass forming compositions determined by experiment. The
glass forming compositions can be divided into two categories: the hypoeutectic and
hypereutectic domains. In the hypereutectic domain, the agreement between the experi-
ments and the calculated results is satisfactory, but it is poor in the hypoeutectic
domain. We will examine the reason for such a disagreement existing in the hypoeutectic 60
side.
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It Fig. IU!
Glass forming compositions in Ti-Zr-Si. The hatched
area is determined by the experiment and the dashed V
line by this model with the aid of computer calculations.

The two possible sources of the error can be either the error in the computer-calculated
phase diagram or the uncertainty involved in the model itself. Specifically, we will examine
such possibilities from the two binary sides, i.e., Ti-Si and Zr-Si.

TABLE 1

T-C/E T-C/C
Experimental Scheme Scheme

Alloy (at % Si) (at % Si) (at % Si)

Ti-Si 15-20 15-21 11-21

Zr-Si 13-22 10-18 11-20

I Table I shows three different methods to identify glass forming compositions in the
Ti-Si and Zr-Si systems. In the second column, the experimental results are listed; in the
third column, the predicted values by the T-C model using the experimental phase diagram
(T-C/E scheme) are shown; in the last column, the predicted values by the T-C model using
the calculated phase diagram (T-C/C scheme) are shown. For the Ti-Si system, the experi-
mental value agrees well with the result by the T-C/E scheme but does not with that byIl T-C/C scheme. This implies that the error comes from the computer-calculated phase
diagram. On the other hand, in the Zr-Si system, the T-C/E scheme predicts a wider glass
forming range in the hypoeutectic domain by 3 at % than that by the experiment. Therefore,
it is concluded that in this case, the error originates from the uncertainties in the T-C
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model itself. From the above observation, it is clear that the deviation of the predicted
values (T-C/C) from the experimental values in the hypoeutectic domain is attributed to
both the uncertainties in the model as well as the errors in the computer-calculated phase
diagram. It has shown that GFCR is very sensitive to the shape of the liquid curve. Hence,
one way to improve the predictability of the GFA may be to refine the sub-regular solution
model in the computer program in such a manner that the calculated binary phase diagrams
are nearly identical to the experimental phase diagrams. The approach taken here for the
GFCR of the Ti-Zr-Si system demonstrates the feasibility of the GFA prediction in other
ternary alloy systems using the T-C model and a computer technique.

4 It should be mentioned that the computer calculation for a ternary phase diagram from
the three binary phase diagram is often unable to predict the occurrence of unknown ternary
compound phases. In this case, this approach cannot predict the GFA of a composition in
a ternary system.

SUMMARY

The concept of the T-C mapping, originally applied to the binary systems, can also be
applied to simple ternary alloy systems. The predicted GFCR for the Ti-Zr-Si system is a
good agreement with that of experiment. It is demonstrated that GFA of a ternary system
can be predicted if the liquidus surface is determined by experiment or by computer calcula-
tion. It has shown that the GFCR is very sensitive to the morphology of the liquidus
surface regardless of the alloy system. The only limitation of this approach is that the
unpredictability of unknown ternary compounds by computer calculation leads to the con-
struction of an erroneous liquid surface and, thereby, make an inaccurate prediction for
the glass forming ability of a system.
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ABSTRACT

The ability to predict ready glass formation (RGF) in
binary alloy systems upon rapid cooling of the melt is of
value both theoretically and practically. Two-dimensional
maps show promise as a means of associating RGF with two
system parameters which smust have a coabination of favor-
able values. In this paper, two types of glass formation
diagrams are reviewed. One of these, the AH-r/R plot, is
based on fundamental parameters which can, in principle, be
derived from elemental quantities for each binary alloy
system. The second type of diagram, the temperature-com-
position map, uses two equilibrium phase diagram features,
namely reduced liquidus temperatures and reduced eutectic
compositions to predict RGF. Both approaches are compared
for binary alloys of Zr. The temperature-couposition
plot approach can be extended to predict qualitatively
the RGF COMpO4 Wn 'tarie of a given alloy system.

While the first metallic glass alloy to be prepared by rapid sclidi.ication
processing (RSP) of the melt, Au-Si, was essentially discovered by seren-
dipity, [1] the search for further alloy compositions capable of ready glass
formation (RGF) was guided mostly by consideration of phase dia&rar.feaures
such as relatively low melting points and absence of competing iater--ecall4s
(both conditions being met especially at eutectic compositions). [2]

As the number of metallic glasses prepared by ISP gtew, it became possitle
to search for better schemes to predict RGF. Metallic glasses have now bee-
prepared in over 100 binary systems representing metals from all groups of the
periodic table, avd this large body of experimental data allows a better
evaluation of the principles to be considered in order to predict RGF.
These approaches have been catalogued previously. (3-5] It may *ue mention.dd
parenthetically that they include phase diagram related features besides tt,'se
mentioned above, such as the structures of the intermetallic phases present
in an alloy system. 16,7) In most of these theories on RGF, each factor,
e.g., the alloy valence electron concentration or the componcnt siz, rz;..,
Is evaluated separately from other factors rather than in combination wi:h
them. It was found that each of these criteria is applicable only to certuin
alloy systems.

In the following we present a comparison of two recently published methhods
for predicting RGY in a given binary system. RGF is defined here ah the
ability of an alloy to be retained as a glass upon rapid quenchi- at co-l-.'1±
rates of (105-106 K/sec., i.e., at the cooling rates thought to be ass..
with melt spinning under standard conditions. 181

Both methods described involve two-parameter plots, as suggested by tho
observation that no single factor seems sufficient to characterize RGC ..h .

*Communication #163 of the Institute of Chemical Analysis at Iorheaslrn
University, Boston, Hassachusetts 02115 USA.
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satisfactorily. This Is analogous to the situation concerning rules for
the formation of compounds or solid solutions which also require two factors
to be simultaneously favorable, e.g., the Darken-Curry plots for solid
solution formation 19) or Bennett and Watson's plots for cocinound forma-
tion. [101 For the present case of RGF, i.e.. a non-equiiibrium nrocess, the
plots are a function of one or more external processing parameter(s), such
is the effective cooling rate employed in quenching, presence of nucleation
sites, etc.; if such parameter(s) are kept constant, a type of phase diagram
results, whici, could be extended into three dimensions if, e.g., variable
cooling rates were employed.

THE LM.-r/R PLOTS

These plots were first reported by us in 1980 [5] and presented more
comprehensively by one of us (BCG). ILL] They are based on the premise that
RGF alloys must simultaneously satisfy the requirements of a favorable negative
heat of mixing, LK., and the component radius ratio, r/R, where r and R are
the twelve-coordinated Goldschmidt radii of the smaller and larger component,
respectively. An application of these principles to classify RGF and non-
RGF in alloys of ZNi is shown in Fig. 1, where the alloying partners of %i
showing RGY are seen to lie in the lower left portion of the JHm-r/ plot
"southwest" of the solid line while the alloys showing non-RGF lie in the
remaining part of the diagram. Crudely, negative values of Hm -3 to -5
Kcal/mole and size ratios r/R --0.86 are required; however, there is an
interrelationship of the critical *Hm and r/R values such that size ratios
closer to unity require a more negative .1L5 for RGT than is required for
systems with a more "favorable" (smaller) size ratio.

An additional example of a LPm-r/R plot is given for alloys of Zr,
Zr-, In Fig. 2; again it is seen that there is good separation between alloys
with RGF and non-RGF. This is seen especially well by following the dashed
lines in the plot which connect Zr alloys containing elements of the first
1:ng period and second/third long period, respectively. As discussed before,
It is obvious from the definition of RGF used in this paper that the location
of the contour line separating the regions depends on the cooling rate
employed; at higher cooling rates, the line moves further out toward the top
and the right side of the diagram. This effect is especially well seen for
the elements of the first long period, where the transition between RGF and
non-RGF (as observed in our experiments) occurs between Zr-Mn and Zr-Cr; how-
ever, while Zr-Cr is not RGF in the sense of the present definition, a Zr-Cr
glass can still be made by using a quenching technique producing a higher
cooling rate; the next alloy system in this sequence, Zr-V, is only
incompletely glass forming and Zr-Ti does not form a glass.

In Fig. 2, triangles mark alloy systems that had not yet been investigated
at the time the map was first drawn. (11] It is indicative of its predictive
character that the system Zr-Si which was originally given by a triangle, (11]
has since been found to be RGF, as announced at the same conference at which
this diagram was presented: Zr-Si is now marked as RGF. [12]

Other alloy systems, such as those based on Ti, Mbt, and Cu, have boundaries
separating RGF and non-ICP regions that are similar to those for the Ni
and Zr containing systems; for Pd these boundaries lie at somewhat lower
, values. [11)

TEgUf 'Ums-COtOSITliOg HAPS

An alternative approach has been taken by one of us (SHW) in constructing
maps based on equilibrium phase diagram features of the alloy system in
question. (131 These maps are based on the assumption that RGF in a binary
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system requires the presence of two factors: a) A sufficiently large melting
4 point depression, as measured by the depression of the liquidus temperature 

T
L

from an appropriately chosen meltingtempeatu er- e.g. an average-

based on the component melting points TM
A 

and TM; LO - XATx
A + :BTH

B
, where

XA and XB are the component concentrations. This melting point difference is

then normalized by YL°, leading to the normalized liquidus depression

TLR - (TL°-TL)/FTL as a convenient measure of melting point depression. b) A
sufficiently low tendency for terminal solid solution (s.s.) formation, as
expressed by a sufficiently large excess of the composition considered for max-
imum glass forcing ability, e.g., the eutectic Ca, over the maximum concentra-
tion of solute in the terminal a... range Cs . Again, the appropriate dif-
ference Ce-Cs is normalized, this time by Ce; this leads to a reduced eutectic
composition Cer a (Ce-Cs)/Ce with increasing values of Cer expressing the
increasing absence of the formation of s.s. which could compete with RGF at the
eutectic composition upon supercooling of the alloy.

The T-C map constructed for Zr alloys based on these concepts is shown in
Fig. 3; it Is seen that there is good separation of RGF and non- GF alloys in
this map. (In the plot, Fig. 3, RGF and non-RGF are marked as easy glass for-
mer and non-easy glass former, respectively.) It is further seen that the
agreement between the data in this plot and those in the LH,,-r/R plot, Fig. 2,
is quite good. However, therq is some disagreement for alloys marked as mar-
ginal glass formers in the am-r/R plot such as Zr-Cr and Zr-V; the data points
for these systems fall into the easy glass forming region of the T-C plot,
Fig. 3. This apparent conflict can be partially resolved by assuming that th.
contour line in Fig. 3 corresponds to a somewhat higher cooling rate
(T-106K/sec) than that assumed in the .Hl-r/R plot, Fig. 2 (which may corres-
pond to 0 if the 10

6
K/sec contour were drawn on the Li4.-r/R plct,

it would enclose at least the Zr-Cr point also. Alternative suggestions to
explain such discrepancies can be based on the origin of the data used in the
Hm-r/R plots, discussed below.

Use of T-C plots can be extended to alloys other than eutectics in terms of-
their reduced liquidus point differences and their reduced compositions. This

introduces some needs for a redefinition of the reduced parameters, discussed
in more detail in Ref. 13. Thus, in the hypereutectoid composition range as
well as between two intermetallic phases, the reduced composition difference
is generally * 1.0. This is so because the alloy composition is measured with
respect to the composition of the competing Intermetallic phase; however, in-

termediate phases in RGF metal-metal alloy systems rarely have extended solid
solution ranges, i.e., the reduced parameter Cr - (C-Csol.s )/(C-Ccd) ,
if Cs sul.s Cpd. litih such suitable extension of the parameters, nowel'skr,
I-C maps can be used to account for the composition range of RGF in a givc
system; details are discussed in Re(. 13.

ORIGIN AND INTERRELATION OF THE PARAMETERS USED

The parameters used in both types of plots are functions of the alloy

system. This is true of LI, and r/R as well as for the phase dia~rar. featur.s
used in the T-C map. At present, the parameters in both types of plots are not
amenable to ab isik calculations from elemental parameters for most syster.
of interest; this is a result of the complexity of the interactions and phis,
diagrams involved in RGF systems.

However, a practical difference between both types of diagrar. is that thc
parameters for the T-C plot are readily accessible if the phase d'agrar is
known, while at least one of the al~m-r/R plot parameters, lHm, requiros a
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rather difficult measurement. By contrast, there exists a simple, semi-
vmpirical approach to obtaining _H% from elemental quantities, namely 4ie-
dama's theory [141 which provides a relation of 'Hs to the elemental electro-
negativities X and the electron concentrations (each of these parameters
contains, Implicitly or explicitly, the atomic volume and, hence, atomic
size). The '.I -r/R plots thus allow the prediction of IGF from elemental
parameters. Te 'H values used in Figs. L and 2 have been derived in this
way. It should be mentioned that despite the frequently good agreement of

iedema theory values with experiment, (141 the theoretical foundations of
this theory are not secure and form the subject of discussion. [151

The atomic size ratio, r/R, used in the -'H,-r/R plots is also an unsatis-
factory parameter. While it can be computed unambiguously from elemental data,
the relevance of this computed quantity to binary alloys is not clear. Crys-
tal structure studies show that the atomic sizes of the components (i.e.,
appropriately partitioned Interatomic distances In the solid) are quite
different for different and like neighbors and, further, vary strongly with -
composition over the diagram; hence, the elemental r/R values are quite unrep-
resentative of the actual atomic sizes in the alloys. As an example, the
variations of interatomic spacings with composition are shown for the two
intermetallics in the RG system ft-Cu in Fig. 4 of Ref. 11. It appears that ..
the change of size of an atom in an alloy is related LteA a Li to the bLnd-
ing energy and hence to a%1; however, the quantitative form of this connection
is not known. Further, the component size ratio plays a role in -im, as
shown, e.g., for Lnteralkali alloys. [16J

It should be mentioned that the plots introduced by Alonso-Simozar [17] to
predict solid solubility use essentially the same parameters as the :Hm-r/R
RGF plots; the two types of diagrams are complementary in that they span
different regions of the plot for solid solubility and RGF.

Addressing the relation between the ._H-r/1 and the T-C plots presented, we
note that the parameters of both plots are highly correlated; the phenomeno-
logical parmters of the T-C plot are functions of Akm and r/it. Thus, the
mimum solid solution range of the T-C plot is related directly to r/ft via
the Hume-Rothery rule [16] and, on a deeper level, to the combination of "Hs
and r/It via the Alonso-Simozar plot. [171 The eutectic melting poir: depres-
sion 

T
er is a function of the non-ideality of the solution, which is related

to ".. where the latter is also related to r/R as noted above. Given these
relationships, the predictions from both diagrams should therefore agree if
properly formulated.

Last, wt turn to the reason for the observed correlations between the para-
meters in our diagrams and RGF; i.e., we ask why "it works." According to the
kinetic theory of glass formation, 30F occurs if the meLt viscosity at the
liquidus temperature is high; this is related to a high value of the reduced
glass transition temperature, 

T gr - T /
T
L. (2] Starting with the .Hm-r/ft

plot, both a large !HE and a small r/ should increase the melt viscosity:
increasing Hm is associated with increasing the short range order and hence,
increasing the energy of the "wrong-nearest-neighbor" barrier that must be
overcome during atomic rearrangement; a small r/f acts in the same direction,
possibly by providing more efficient space filling and decreasinC the available
free volume.

As to the T-C map, the T parameter acts directly on T which increases as -
TL is decreased. Further, the C parameter reflects the t iination of alter-
native, simple crystallization paths into a metastable, extended terminal
solid solution. (191 Each parameter involved in either plot thus affects the
W01 appropriately.
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CRYSTALLIZATION BEHAVIOR OF BINARY METALLIC GLASSES CONTAINING Pt

U Yi Qun GAO and Sung H. WHANG

Barnett Institute of Chemical Analysis & Materials Science, Northeastern

University, Boston, MA 02115

Binary M-Pt glasses were made by rapid quenching from liquid, where M is Ti,
Zr, and Hf. Glass forming compositions were found near eutectics in Ti-Pt,
Zr-Pt and Hf-Pt. Isothermal crystallization for Zr75Pt 5 was studied at a
temperature range from 780 to 7926K. The non-isothermal transformation was
measured by differential scanning calorimetry with heating rates from 5 to
160 K/mlin. Activation energy for crystallization was obtained from the
non-isothermal heating, which is consistent with that from the isothermal
annealing.

1. INTRODUCTION

Since many metallic glasses have been synthesized via rapid solidification,

the crystallization behavior of these glasses has become the subject of

interest for scientists and engineers.

Previously, only a few binary Pt containing glasses were reported either

U because expensive materials costs discouraged active research in these areas

or because Pt alloys are not good glass formers. Some of these glassy alloys

reported are Ti rich Ti-Pt and Zr Zr-Pt in which the

crystallization properties are not known.

Although crystallization of ternary Pt glasses, Pt-Ni-P was studied before,
3

binary Pt-transition metal glasses are expected to show different crystal-

lization behavior from that of the Pt glass containing P.

2. EXPERIMENTAL

Small Pt alloy buttons were made from pure Pt, Ti, Zr, and Hf (all 99.9%) in

an arc melting furnace and subsequently were splat-quenched into foils using the

hammier and tnvil technique. Amorphousness was Judged from a broad diffraction
peak in x-ray pattern. Both isothermal and non-isothermal annealing were

carried out by differential scanning calorimetry. (DSC). For isothermal

annealing, the sample was heated up at.a rate of 320 K/mmn to the desired

annealing temperature while non-isothermal tests were conducted with heating

5 rates of 5, 10, 20, 40, 80, and 160 K/mn.

The effective annealing time was calculated by subtracting the incubation

time for crystallization from the total annealing time. The incubation time

was determined from the intersecting point of the DSC trace and the base line

near the starting point. 73
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3. RESULTS

3.1. Glass Forming Ability

There are two favorable conditions for glass forming in binary Pt-Group IVB

(Ti, Zr, Hf); one is atomic size ratio, and the other is large electronegativity

differences between the two component atoms.4  Beyond these immediate indica-

tions, the binary Pt phase diagrams that consist of a relatively deep eutectic

combined with a low solid solubility near the Group IVB rich side constitutes

an easy glass forming criterion.2

The glass forming compositional ranges are shown in Fig. 1. Glass forming

ranges in Zr-Pt and Hf-Pt are similar to each other and larger than that in Ti-

Pt. By contrast, at the Pt rich side, as-quenched Pt9 9 .sZr. 5 turned out to be

crystal line.

3.2. Crystallization Kinetics

3.2.1. Isothermal Transformation

If the nucleation rate and growth rate are constant at a given temperature,

the fraction transformed, x can be expressed by the relation

x(t) a I-exp(-k en) (1)

where te is effective annealing time which excludes incubation time, and n is a

constant called transformation mode parameter. This relation is known as
Johnson-Mehl-Avram equation. 5  In order to obtain the transformation rate,

take the derivative of x with respect to te

" K.n tn- exp-Kte )  (2)
e d2x

Now, the maximum rate occurs at 0 in a DSC isothermal pattern, in which

te  te(max) and t 1 T 1
e. (--

by substituting (3) into equation (2), the maximum transformation rate, (r)p is

1 n- 1(
d l Knn(n-1)nxp(. . n (4)

where C1 is a constant. Therefore, the fraction transformed at te(max), x is

xp •
1"exp(-1 V) (5)

Finally, the activation energy for the isothermal transformation is determined

frau Eq. (4) and an Arrhenlus type equation since T<TM and AE>>RT in metallic

glasses, i.e., K' s K' exp(- P), where K' is K and only a function of T.

Therefore, AE/R can be obtained from a slope in a plot of log() p and 1/T.

Fig. 2 shows a typical isothermal thermogram obtained by OSC. The area 74
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encircled by the base line and the DSC trace was divided into from 60 to 80

sections and was calculated using a computer. The fraction crystallized was

3 assumed to be proportional to the fraction of the area.a _ " 10 20Y0 40 5
0 00 0 9

a,"m- i' * --------------------- ----- +,nw~y, my , 1 o 1 J, A

Figure 1 01
glass forming composition _ _ _ ,MOWN

Figure 2
DSC trace for the isothermal cryst-
allization of Zr75Pt25 glass at 788K

j dl dx dx 6t . . 7

i.e., Wt a and the normalization condition jo ( )dt = 1. To apply this30
isothermal method to Zr7sPt2 salloy, we carefully investigated a possible over-

lap between the first crystallization reaction and the second exotherm since

two different exotherms in the DSC trace of a continuous heating with 8OK/min.

were found at 858K and 934K as peak temperatures. Specimens were annealed

isothermally at 788K, 820K, 860K, and 880K respectively after heating each

sample to the isothermal annealing temperature with a heating rate of 32OK/min.

The results show that: at 788K, the first crystallization exotherm appears

alone; at 820K, still the first exotherm is the only reaction within 30 mins.;

at 860K, both the first and the second exotherms show up with a high intensity.

The first crystallization nearly ends at 1 1/2 mins. and the peak intensity of

the second exotherm exists at 6 1/2 mins. No overlap was observed between the

two reactions; finally, at 880K, the first exotherm almost diminishes and the

strong second exotherm is observed. From this series of experiment, it is

confirmed that the second reaction doesn't appear at 788K within a reasonable

time and, therefore, no overlap of the two reactions can be identified experi-

mentally at this temperature. Also, the heat of evolution for the first

5 reaction is estimated to be seven times larger than that of the second exotherm,

which is determined from the non-isothermal scanning (a heating rate of 160K/

min.). All these facts indicate that in the .isothermal annealing at 788K the

first crystallization reaction can be safely isolated without the interference

of the second reaction. Isothermal crystallization of Zr7 sPt 25 glass as a func-

tion of annealing time was plotted in Fig. 3. In order to obtain n value, using

Eq. (1) log[log(..L)] was plotted against log te as shown in Fig. 4. The3 slopes are fairly straight for the range of 0.04 < x < 0.9 and yield n values

of 2.6 + 0.2. These values are consistent with those obtained from Eq. (5) in

* 75
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which xwas determined experimentally. The n values by Eq. C5) are listed in

Table 1.

?U6K ?U6K 7/ K 0.4-

1.0
0-

as - -0.4 -

X 0.6 - -

0.4 

1'
0.2 1.

CZ
0 a 4 6 a 40

T~ m,,-0.6 -OA4 -0.2 0 0.2 04 0.6 0.8
log to, minutes

Figure 3 11Figure 4
fraction of crystallization, x log[lgF) versus log te for Zr75
versus total annealing time, t P2 l
in Zr75Pt25

Temperature x n
Tk p

788 0.44 2.4
1 792 10.44 12.

TABLE 1: n values for various teuperatures in Zr75Pt25

50

20.I

1.2S0 I.21 1.270 1.275 1.290 1.285 'Z"

+X j03 9 K-'
Figure 5

dx:
maximum crystallization rate log(f.f)p versus l/T for Zr7SPt 25 glass

On the other hand, the activation energy can be found in a plot of log (dx

vs. l/T as discussed above. The activation energy determined from Fig. 5 is 76

81 K cal/mol.
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3.2.2. Non-Isothermal Transformation
Differential scanning techniques provide many advantages over isothermal

annealing, and therefore cannot be overlooked. Despite such merits, the theo-

retical foundation of this approach has not been well established since

nucleation and growth rates change as a function of temperature. An elegant'.3 mathematical method dealing with these complicated problems is not available.
We will take the empirical approach proposed by Kissinger,8

d In (T1IT)

- AE . (6)
r d(!)

p
where Tp is the temperature at which the maximum transformation rate occurs

and B is heating rate. The Kissinger equation may be expanded as

2T3 d(y) d(lr (7)

If 2T is small relative to the other term, Eq. (7) is a useful approximation.
p

In fact, the resulting activation energy by this approximation is 2-4% larger

in terms of absolute magnitude9 than that calculated by the Kissinger equation.

Crystallization temperatures for T165Pt35, Zr75Pt25 and Hf75Pt2 S glasses are

shown in Table 2. The relevant activation energies also are listed at the

bottom of the Table.

a oy T165Pt35  Zr75Pt25  Hf7s t25

Te(K) TPi Tp2 T2  P Tp-2 Tx TP

* 5(K/mln) 808 927 805 813 886 919 928

10 818 945 811 823 896 934 941

20 835 963 821 833 909 943 955

40 854 977 830 844 919 962 972

80 870 997 842 858 934 ... ...

- 160 ... --- 859 878 953 ... ...

(kcal/mol) 61.7 76.0 82.5 77.6 91.7 86.7 86.7

T I onset temperature &E: activation energy
Pi: first peak temperature Tp: second peak temperature
TABLE 2: Crystallization temperature and calculated activation energy

4. DISCUSSION

The relatively poor glass forming ability of Ti-Pt comes from the fact that

the small atomic size difference between Ti and Pt stabilizes the solid solu-
tion against the glassy phase. Also, the similarity of glass forming tendency 77l



between Zr-Pt and Hf-Pt may be due to the resemblance to each other in atomic

size and electron configuration. In particular, a wide glass forming range in

Zr-Pt is impressive because the liquidus line between 33 and 45 at % Pt which "

is confined by two compounds, i.e., Pt Zr and Pt Zr2 lies above the ideal

liquldus line. However, it appears that the nucleation and growth of Pt Zr and

Pt Zr2 are slow and no other metastable phase is available except glass phase .4
at this cooling rate. Details are discussed elsewhere.10

The n value obtained from isothermal experiment is close to 3.0 which is

known to be eutectoid-type reaction with a constant growth rate.5 This value K

could vary significantly depending upon thermal history as indicated in a

recent report. However, the confirmation of the mechanism should wait

until the microstructural study by TEN is completed.

There exists a systematic correlation among crystallization temperature,

activation energy and weighted average of the melting temperature as shown in

Table 3. b

alloy T Pi AE(kcal/mol) weighted ave. melting
(p.10K/min) temperature (K)

T165Pt35  808 61.7 1976
Zr75Pt25  813 77.6 2103
Hf75Pt25  928 86.7 2382

TABLE 3

In other words, with increasing ideal melting temperature, crystallization

temperature as well as activation energy increases. ;S

6. CONCLUSION

1. Glass forming compositions were identified in all binary Group IVB-Pt

systems. Relatively wide glass forming occurs in Zr-Pt and Hf-Pt.

2. Transformation mode parameter, n for Zr7 5Pt25 was found to be 2.55 + s

3. High crystallization temperatures were discovered in all the binary

systems. The temperatures vary from 808 to 972 K for the first crystallization. ,

The relevant activation energies change from 62 to 87 Kcal/mol.

4. A correlation exists among crystallization temperature, activation

energy and weighted average of melting temperatures.
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3 Abstract

I Ductile metallic ribbons prepared by melt spinning can be easily cut into flakes

suitable for P/M processing by a mechanical chopper designed to tear off ribbon

flakes by combining a rotating blade and a bed knife. Details of the design

features are described.

INTRODUCTION

Allo)V rapidly quenched as melt spun ribbons have superior cooling rates and

3 uniformity compared to alloys atomized as powder; however, wide application of

ribbon processes to make bulk alloys by P/M has been hampered by the fact that

3 thin ribbons are not well suited to direct compaction and subsequent P/M con-

Isolidation. To obtain powders from ribbons, pulverization e.g., by hammer milling,

can be used for brittle ribbons; alternatively, certain ductile ribbons can be N

3 pulverized following reversible hydrogen embrittlement (1). However, most

quenched alloy ribbons of current technical interest are neither brittle nor

3 can they be treated easily by hydrogen embrittlement. As an alternative, we

have examined the possibility of chopping the ribbon mechanically into flakes

I which can be used for P/M processing.
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DESIGN FEATURES

Figure 1 shows a schematic drawing of a chopper designed to tear off melt spun

alloy ribbon at various speeds into pieces of various lengths. The chopper

consists essentially of feeding components and chopping components. Ribbons are -.

fed in by one or two coupled rollers that supply the ribbon to the chopper at a

constant rate. The chopping components inrlude a bed knife and a roller with two

tungsten carbide blades. The two components are driven separately by two motors.

The length of the chopped ribbon pieces L is determined by the ratio of the feeding

speed and the cutting speed,

L a- , (1)
I-N

M: rotation rate of the feeding roller,

N: rotation rate of the cutting roller,

D: diameter of the feeding roller,

I: number of blades on the cutting roller.

In order to reduce L significantly, I or N must be increased, assuming a constant

feeding speed, which is determined by the melt spinning process taking place prior

to chopping.

Details of the chopping component are shown in Figures 1 and 2. The rotating

0blades, tilted at an angle of 15 against the bed knife, initiate a crack at the

edge of the ribbon and then tear it off in a shearing motion. This characteris-

tic of the process is essential; once the crack is generated, its propagation

across the ribbon width requires only a small amount of tearing force. By contrast,

a cut in which the rotating blade is parallel to the bed knife and moves normal

to it would require considerable force. For example, in amorphous metals, the

crack extension force Fc at which catastrophic tearing occurs (2)(3) is:

84
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Fc = (ay.Ef).t (2)

where ay is yield stress, £f is strain to failure and t is the ribbon thickness.

If the sheet is %2mm wide, n,25V m thick, ef is ,1.5xO-5 and ay is taken to be

% 6 GPa, Fc .2.25 Pa according to equation (2). By contrast, if similar assumptions

are made for a normal cut With parallel knife edges, Fc increases to ".180 Pa.

Thus, in this case, the ribbon may readily bend into the gap between the blade

Iand the bed knife instead of being cut.
Result: Using a cutter with I=2 and DN150mm and operating conditions of M=14

I and N-1050, 1 mm wide ribbons of highly ductile CuZr metallic glass were readily cut

into 1 mm long flakes of approximately square shape suitable for compaction e.g.,

by hot extrusion. In order to improve the capability of the equipment, especially

the cutting rate, use of highly wear-resistant materials for the blade and the

bed knife is essential.
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FIGURE 1

Schematic drawing of high speed chopper for preparation of
melt spun ribbon flakes
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Cross-section of cutting roller

FIGURE 2

Detail drawing of cutting roller
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