168

Microstructural Design and Thermal
Stability of Rapidly Solidified,
High Strength, High Conductivity

Copper Alloys :

Thesis submitted in suplication for the degree of Docteur s Sciences

At the Institute of Structural Metallurgy,
University of Neuchétel

By
Emad EL BATAWI
ing. Matériaux EFFL

Thesis director: Prof. D.G. Morris
Jury: Prof. W. Benoit
Prof. W. Form
Prof. B. lischner
Dr. P. Isler

Feb. 1901



Microstructural Design and Thermal
Stability of Rapidly Solidified,
High Strength, High Conductivity
Copper Alloys

Thesis submitied in suplication for lhe degree of Docteur &s Sdences

At the Institute of Structural Metallurgy,
University of Neuchatel

By
Emad EL BATAWI
ing. Matérfaux EPFL

Thesis director: Prof. D.G. Morris
Jury: Prof. W. Benoit
Prof. W. Form
Prof. B. lischner
Dr. P. Isler

Feb. 1891



IMPRIMATUR POUR LA THESE

de Monsieur Emad EY Batawi ... . . .

UNIVERSITE DE NEUCHATEL
FACULTE DES SCIENCES

La Faculté des sciences de |'Université de Neuchatel
sur le rapport des membres du jury,

Messieurs D.G. Morris, W. Form, W. Benoit

(EPF-Laysanne), B. Ilschner (EPF~Lausanne)

autorise I'impression de Ja présente thése.

Neuchatel, le .26 septembre 1991.. ... .. .. ... .

Le doyen:

-



To My Friends and Family

...a friend is one who knows, without
having to ask, that you need help



te 2

1. Preamble.... ettt e AT Ao e te Rt TeTeR e raae getes neerete ittt

2, Ir:troductron :md therature Revlew

2.1 High strength high conductivity copper aﬂoys ...................................

2.1.1 Precipitation hardened allays..... .
2.1.2 Disperston hardened alloys...........ococecrsonnnen

<<<<<<<<<<<<<<<<<

---------------------

2.2 SOMHE CHOTEL «ovevvvveccirrrvriricirirnrsssnsiansssrsssesons

2.2.7 CONAUCEVTY . ecvnreeeisiiiceiccriitiee st cstastbi e nssssesent s e stassasss

2.2.2 Diffusivity.....
2.2.3 Solubility extens:on

2.2.3.1 Thermodynamic condrt:onsfor part:t:oniess sohd:ﬁcatwn....‘.u.‘...‘.......‘.‘

2.2.3.2 Kinetics of rapid solidification....
2.2.4 Dispersoid stability..............

2.3 Mechanical properties. ... .

2.4 Particle coarsening ...
2.4.1 Volume fraction effect

2.4.2 Shor! cirewit diffusion paths ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
3. Experimental Conditions and Methods of ABQlYSIS ....vevevivivrvvrvcriniiiiiniviiinis

3.1 Preparation of ingots.....
3.2 Melt spinning ...

3.3 Optical m:crostructumi exammauons of rrbbons
3.4 Hent treatments

3.5 Mechanical property assessmenl - rrerrrere et e a et e
3.6 Electron miCrOSCOPY....corvvvrvrvrsrsssrsmsssssssssssssssssmsssssssin s e sesssss s ses
3.6.1 Thitt forl preparation..........civmicerrommemsiiosssvrnsaissssssssrssrsmsns ssrsssane
3.6.2 Phase MenbifiCalion. ...c.ccrevrivresiesmsrmmrsrssossssrssmesrsssssstssssissssesserons

3.7 Quantitative metallography

---------------------

---------------------

3.7.1 Quantitative optical metatiography.....

3.7.2 Quantitative transmission electron mel‘aﬂogmphy

3.7.2.1 Definition of particle size

3.7.2.2 Inter-particle spacing

4. Results ... -
4.1 Optical assessment of Mtcrostructures

4.1.1 Boron-free alloys....

4.1.2 Boron-containing a!!oys

4.2 Mechanical properties............

4.2.7 Baroni-free alOS ......coooviiviiimmiiiiii e e et 1 cnsescnon e cosessaenecan

4.2.2 Boron-contaifiing alloys............ivccovmoitenccnsercnceivensccceomiancassecscsscscsecsrsensons
4.3 TEM mictostructral 8ssesSmenl...........ccovvvvmsrvrvsrvmmenisissssiisismmisisisissasisissasssasasas

4.3.1 Boron-free alloys. ........ccco.corinniininns




4.3.2 Boron-conlaiftitig @lloys.............ccimimmmmmmmimnimimmimmnossass 24
4.3.3 Electron diffraction analysis............ SOPPRY : |
4.3.3.1 Titanium dioxide... . beresen et e et b e OO
4.3.3.2 Crystalline f- rhombohedral ban:m cr s 8O
4.3.3.3 Yttrium hexaboride.... st sasasasisares OO
5 Discussion and mterpretatwn ofresults e sirmenenees 89
5.1 Inlerpretation of as cast microstructures and solufe d:stnbunon crvinriensinsens 89
5.1.1 Interpretation of the microstructure of as cast ribbons.................. 90
5.1.2 Solute distribution and solubility extension in prec:patai:on hardenm g alfoys 94
5.1.2.1 Alloy chemistry 94
5.1.2.2 Thermodynamic conditions far parmmnless sohd:ﬁcatwn ....................... 96
5.1.2.3 Kinetics of solidification............c...cccoovviivon. vrree 96
5.1.3 Thermodynamics of d:spersord formation in macrosegregated dtspersran
hardening alloys..... corirreierasniassssisnmansssssarssssonisarsersasiaissssosse i senseness JO0
5.1.4 SUMMBIY.cuncorvrrerrrransines OO R DT ORVRPORRRPORRINY 1.
5.2 Mechanical properties.........coocceeeccccnne. ctstenebceecentsemcssencescnsescasesctisvensrre 103
5.2.1 Microhardess easuremmentS . ... weeeciiiiiisissescess imcenmasesemsescsinnins 103
5.2.2 Tensile tests... vrrieronen 103
52.2.1 Analysis of a!loymg add:twns to the cvpper—chrom:um aHays ................. 105
5.2.3 Summary.... crrsrsrasrissinsssnsssssnne 109
5.3 Thermal stab:hty af thc mp:d!y sohd:fzed macrostructures censrecnsescasersrsencase 110
5.3.1 Particle growth.... L1117
53.1.1 Estabhshment of the rate can!mﬂmg !mnsport mechamsm dur ing
coarsening... . 111
5.3.1.2 Analysis of parhc!e caarsemng in sohd saluhon cﬁrommm comammg
ribbons...... . 114
5.3.1.3 Coarsening of YBg and CugY parhdes in yurmm-contammg r:bbans . 120
5.3.14 Growth of boron particles in copper-boron and ternary boron-rich
copper-yttrium-boron ribbons. ... - . 126
5.3.1.5 Coarsening oszmodal partlcle dlstnbutmns cecetttterecaceecesetrreneee 136
5.3.2 Grain growth.... TP PSPPSR ¥ ¥4
5.3.3 SUIMMAIY ..ot eecemiet bt b becseo e 139
6. Couclusions o SRR ¥ |
Z.Bibliograply ..o s s 1480
Annex..... CreNeaeb ettt desaeasaesans ebesesasasasenteniacs SRR 1.7 |
ACKHOTWHRAMENES .overev s s 10D




CHAPTER 1
Preamble



Ereambie page-1-

1, Preamble

Copper and iis alioys are widely used for their high electrical and thermal
conduclivity, good formability and high corroston resistance, During the past fifty
years thete has been a steady demand for high conductivity alloys that show high
sirengths at room temperatute as welf as retain their sirengths and ductility when
exposed to elevated lemperature. Such alioys, destined for applicalions in the
ricroelectronics, electrical, nuciear and aerospace indusiries are being developed
and new produciion methods ate being tested.

Alloying additives impair the conduclivity of copper, depending on the solute,
Strengthening mechanisms which do not consldetably alter the conductivity are
based on dispersion or precipilation sirengthening, grain refinement or coid
working. Commercially avallable alloys having the required combinalion of sirength
and conductivity are either thermomechanically treated precipitalion hardened or
oxide dispersion sirengthened maletials. Figure 1.1 illustrates the electrical and
mechanical properties of some of these materials. )

Rapid solidification of alloys may result in: 3) a metastable extension of solid
solubility of alloying elements which may be subsequenily employed to create a
high volume fraction of finely distributed precipitate parlicles, b) refinement of the
scale of segregation cell structure, producing a homogeneous distribution of poorly
saluble dispersotd particles, ¢} refined grain size by which sirengthening may occut
and; d) the produclion of metastable phases.

Rapidly solidified products are in the form of powder, flake, ribbon or fibre. The
production of emonclithic materals fram these products requires a consolidation
procedure, for example exirusion. The precipitalion and coatsening kinetics of the
strengthening particles during this processing step, genecally carried out at
intermedtate or elevated \emperatures, will determine the thermal stability of the
material. These parlicles play a direct role in determining mechanical properlies as
abstacles to disiocation motion and indirecily by impeding graln boundary
movement and thus maintaining a refined microstructure. Consequently it is the
stability or coarsening resistance of these strengthening parsticles that is of great
Interest.

The purpose of this study Is to characterize the rapid solidification of capper
alloys, with parlicular attention to the mechanisms which controf the microstructure
and thermal stability. Furthermore, this work attempis ta develop criterfa for the
chaice of alloying element additions for high sirength and conduciivity, bearing in
mind the demands imposed by rapid solldification processing. The nature and
disttibution of the sirengihening phase, the casting conditions and the alloy
composilion may synergistically affect the overall behaviour of the allay.

Figure 1.2 shows an organization chart for this reseacch work. Basic
tmetallurgical models that enable the understanding of tapidly solidified
microstructures, hardening mechanisms and thermal stabillty are used ta choose
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alloying additions. Analysis of the data obtained from the microstructural and
mechanical property characterization, of the different rapldly solidified experimental
alioys, will determine the applicability of the models initially employed and promote
the understanding of these new materials. Reevaluation of these metallurgical
models wili also enable the eslablishment of new criteria for solute choice and
casling condiffons.

The spedic topics of interesl are: {a) solute distribution, where depending on
the solute and the casling conditlons, either a metastable solid solulion or 3
microsegregated microstructure may be obtained, (b} grain struclure, where casting
conditions and solute addilions modify the nudieation and growth kinelics of the
grains, resulting in different growth morphologies in different portions of the rapidly
solidified ribbon, (¢) mechanical propetties, where the grain and parlicle size and
distribution determine the strength of the material; and (d) thermaf stability, where
dislocations and grain boundarles as well as the size and distribution of second
phase particles Influence the evolution of the microstructure with temperature.

70 |-

Conductivity (% 1ACS)

] ] ] |
200 400 600 800

Yield Strength (MPa)

Figure L1 Conductvity” and strength of some high strength, high conductivity
copper alloys.

*Intemational Annealed Copper Standard- where the conductivity of annealed pure
copper Is laken as 100% 1ACS (tesistivity of 1.72x10-6 £2 cm).
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Baslc Matallurgical Madels

Cholce of solute based on:

Rapid solidilicalion models for

sotute tropping and microsegregation
Vorlation of electrical conductivity
Hardenln? mechonisms

Thermal stabliity

A

Rapid Soliditication

Melt spinning

Advantages: Easy conkrol of casting
condilions and material in o praciical
Tforen for lensile testing and microstruciurai
observations

i \

Ribbons ond Characlerization

N

evolullon of Microstructure ———q———m=£u 0l tion of Mechanical
with Temperature Properties with Ternpergiure

\_ Y J

i

Are the model$ used carrect?
- Adapiations
- Limitations

Reevoluotion of the models
New criteria for solute choice
ond casling conditions

1.2 Organization chart for this research work
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The opporiunities offered by rapid solidification call for a reevaluation of the
criteria of solute choice. Alloying element additions avoided In conventional ingot
metallurgy because for example of marked segregation may be used when rapidly
salidified. The cholce and cancentration of soluie will depend on the conductivity
and the strength desired, the type of strengthening mechanism, the consalidation
conditions avaliable and the rapid solidification process envisaged. The material
characteristics selected here were conducilvities and room temperatuse flow
strengths of final material better than 80% IACS and 500 MPa; with strengthening
predominantly by precipitation or disperslon hardening. lndustrial requirements for
consalidation at temperatures above 600°C meant that the thermal stability of the
rapidly salidilied material should be reasonable.

Melt spinning will be used as a means of oblaining small quantifles of rapidly
solidified materal, allowing the behaviour of different solutes to be evaluated. This
technique will heip determine the rapidly solidified microstructures that might be
obtalned by other rapid solidification techniques such as powder atomization.
Microstructural examination and {enslie testing afler heat treatment of rapldly
solidified ribbons will be used ta asses the thermnal stability of the alloy.

This chapter reviews previous findings on the development of high strength,
high conductivity copper alloys. This will help present a preliminary assessment of
rapid salidification as a new production method for such materials. This will be
followed by a review of ithe criteria necessary for the development of such
matetials, which include: (a) restricting effects of salutes on canductivity of capper,
(b) solubility extension by rapid solidification, {¢) mechanisms determining the
strength of dispersion hardened alloys and; {d) therrnal stability.

2.1 High steength high conductivity coppet gilloys

Copper-rich alloys have had Increasing applications in the microelectronic,
mechanic, electric and aerospace Indusities where high strength and conductivity
ate required. Resistance welding electrodes, wires or leadffames for microdireuits,
high voltage switches, motor commutators, continuous casting molds and heat
exchangers are some of the important applications [1,2]. New applications for these
alloys such as fuslon reactor walls {3], water cooled gas turbine blades [4] and
targets for neutron irradiation [5] are also being pursued.

This wide range of applications requires performances that many of the
avallable copper alloys may not sailsfy (figute 1.1). There Is therefore a need for the
development of such alloys by production techniques offering opportunities that
classical metallurgy does not. Rapid solidification can be used for lts ability to refine
microstructure and extend solubility. Thermal stability is clearly important in this
case since the high strengths procured by the strengthening particles, finely




dispersed by rapid solidification, must resisi the temperalures involved during the
necessary hot consolidation of the rapidly solidified materiai.

Traditionai high strength copper alloys produced by conventional ingot
metaliurgy rely on precdipitalion hardening for their strength. While this method can
provide exceptional strength levels afler intermediate (~400°C) temperature
anneals, the solutes generally employed do not provide the necessary thermal
stabllity for the high lemperatures encouniered during consolidation of rapidly
solidified matedal. Because of the advantages of rapid solidification, a wider variety
of solutes with the potential of producing thermally stable microstructures can now
be examined, such as solutes avoided in ingot metaffurgy because of thelr
segregation during castng. Classical solutes introduced In higher voiume fractions
can also be irfed. In the latter case it is hoped that the loss in sirength resulling from
consolidaton is more than compensated by the larger volume fraction of dispersion
introduced by rapid solidification.

In addition to precipiiation strengthening, oxide dispersion strengthening has
been applied 10 the ptoduction of high strength high conductivity copper.
Dispersions such as AlyO3, 8¢;0, SI0,, TiO; and ZrO, have been introduced by
intetnal oxidaton of either the binary alloy powders or bulk material. Oxide
dispersion sirengthening has been used alone or in combinalion with precipitation
sirengthening 0 attain high strength: and conductivity levels. However the
processing of these materials requires long, delicaie and cosHly inlemal oxidalion of
the solule. Rapid solidification may offer the possibility of finely distributing
dispersions having stabililles apptoaching lo {hose obtained by intemal oxidation.

2.1.1 Iph d dllovs

Beryllium, cadmnium, chromium, cobait, iron, magnesium and zirconlum have
been used, aione or in combination, as alloying addilions for {he precipitation
hardening of copper. Thelr soiid soiubility varies with tempetature such thal a
reasonable volume fraction can be dissolved at high temperatures. A fine dispersion
of precipitated particles can be obiained by quenching and aging ihe solutionized
matedal.

The maxdmum solubility of chromium, quoted by Chakrabarll and Laughiin [6],
is 0.89a% at 1076.6°C, lis solubllity decreases with temperature 1o 0.0321% at
400°C. Convenlional ingot metallurgy has been used to produce high strength, high
conductivity copper-chromium alloys with up {o 0.921% chromium. These alloys are
genetally thermomechanically treated. Solutionizing is carried out at 950-1050°C,
After quenching they are wotk hardened and aged between 300-500°C to obtain
the best combination of strengih and conductivity [7).

The predpitation of chromium from supersaturation has been extensively
studied by several authors. Williams [8), using X-ray diffraction, suggested that the
first stage of precipitation consisted in the formation of thin chromlum plaies
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coherent on (111)¢, planes. Thereafter competitive growth of the particles, partial
loss in coherency and transformation to a bce crystal structure took place. These
transformations all occurred near peak aging. Suzuld and Kannao [9] showed that if
deformation was carried out after solutionizing, predipilation kinetics were modified
because of helerogeneous nucleation on dislocation lines.

The addition of other alfoying elements to the binary copper-chromium system
has been envisaged in order to refine the microstructure by influending graln size or
predpitation. Through conventional ingat metallurgy techniques, it was found that
the addition of magnesium, arsenlc, of zirconium, alone or In combination,
enhanced the age hardenability of the binary system [10-13). Many of the recent
studies have been done on the most promising copper-chromium-zirconium alfoys.
Zirconium additions can be solutionized at 980°C, and during subsequent aging can
contribute to the strengthening by supplementary predpitalion of zirconfum rich
particles. 1 was found that under the same condilions, the zirconium and
chromium-rich precipilates were finer and more densely distributed in the ternary
aflay than the individual precipitates in each of the binary alioys [14], proving some
type of synergism between Lhe alloying elements and leading to superior strengths.
The mechanical properties of these alloys were also found to be sensitive to
different thermomechanical reatments. Prior deformation In the solutionized state
increased considerably the peak hardness of the alloy, while aging in the
undeformed state with zirconium additions had little effect on age hardenability
[15]).

Commerdal AMAX-MZC (Cu-Cr 0.531%-Zr 0.134%%-Mg 0.138%%) is produced by
conventlonal ingot metallurgy as an age hardenable alloy having a conductivity of
80% IACS and a tensile strength of 550-620 MPa [16]. Even though the mechanicat
properties of most of these alloys can be improved by various alloying additions or
by thermomechanical treatmen, their sirengths are limiled by ithe volume fraction
of dispersion that can be put into solution. To the extent {hat the volume fraction
can be increased by rapid solidificaion, experiments will be carrled out thal
demonstraie this effect.

" ‘The effect of rapid solidification by mell spinning on the enhancement of solid
solubility of chromium in copper has been studied by Morris and Morris [17] and by
Tenwick and Davies [18] for binary alloys contalning up to 531% chromium. 8oth
studies showed that the solubility of chromium could be extended. Depending on
the tibbon thickness the maximum solubiliiy exlension observed was
approximalely 33t%. At higher chromium concentrations, in 30 pun thick ribbons,
primary chromium particles were found. These particles were deduced to atise by a
uniform, primary solldification mode prior to, and independent of, the nucleation
and growth of the copper crystals. The grain slze increased from 0.9-2.1 pm and
0.6-1.2 pm from boitom to lop of the 2 and 53'% chromium ribbons
respectively [17]. On annealing, the concentrated ribbons presented a bimodal
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particle distdbution of fine predipitates and coarse primary particles. Prolonged heal
treatment resulted in the dissolution of the fine precipiiates into the larger particles
[19]. The flow strength of the peak aged material was measured to be 605 MPa and
760 MPa for the Cu-Cr23l% and Cu-Cr 531% ribbons respectively [17).

Conductivities ranging fiom 50-80% LACS, depending on the solute concentration,

were measured by Tenwick and Davies [18]. Microhardness measurements were
also carrfed out, a value of 400 H,, was obtained for peak aged Cu-Ct6.431% melt
spun rbbons.

Rapidiy quenched difute Cu-Cr0.3829-Zr(.221% powders were nittogen gas
atomized by Sarin and Grant [15, 20). The powders 150 um in size showed a
denddtic microstructure with a dendrite arm spacing of 6 um, corresponding to a
cooling rate of 103 to 104 Ks-1. They were degassed, compacted in copper cans
and hot extruded with a reduction ratio of 25:1 at 650°C. A vyield strength of the
consolidated material of 240 MPa and a conductivity of 82% LIACS was obtained.
The material also showed good thermal stabillty, retaining most of its room
temperature properties afier exposure at 400 to 800°C. This was partially attributed
{o grain size stabliizalion due 10 grain boundary pinning oxide particles.

It ts clear from the above findings thai chromium-containing systems might
offer improved strength and conductivity when processed by rapid solidification.
However detailled considetation of the microstruclural changes of these rapidiy
sotidified alloys have not been studied.

The copper-zirconium phase diagram is reasonably well established [21). The
composition of the first intermediate phase In copper-rich atfoys, CugZr, forms
petitectically liom the congruently meiting CuyZt. The solubility of zirconium varies
rapldiy with temperature, at 950°C its maximum solubility 1s 9.1121%, dropping to
0.038219% at 838°C [21]. In rapfdiy solidilied copper-zitconiurn microcrystalline
alloys other nonequilibrium precipitates were found in the as cast condition, such as
CugZry, Cug gZr and CugZry [23)

Saarivirta [24] obtained tenslie strengths of 405 to 480 MPa and electrical
conductivitfes of 80 to 93%IACS on Cu-0.035 to 0.113% Zr alloys that have been
solution-annealed, cold worked 90% and aged 1 h at 400°C. The high {emperature
propettfes of the zirconium-conlaining alloys processed by classical ingot metallurgy
were found to be supetior 10 the binary chromium-containing alloys [25). These
alloys were also shown to maintain most of the strength derived from cold working
at temperatures up 1o 400-450°C.

The precipitation of the copper-zirconium intermetallic was studied by Phillips
[26]). Heterogeneous nucleation of fine patticles on stacking faults generated during
aging at 500°C in parilally recrystallized areas occurred. No faults were observed in
'samples that were heavily cold rolled before aging. Very fine precipitate platelets
formed at dislocations and recrystalitzatton was stgnificantiy retarded. TEM
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observalions showed thaf {the precipitate platelets were paralfel lo {111}, and
showed na evidence of coherency strain flelds.

The rapid solidification of coppet-zirconium alloys was sludied by several
authors. Atnberg ef af. {22] showed thal the sofubility of zirconium can be exlended
to 0.3521% by ulirasonic helium gas alomizalion while Tenwick and Davies [18]
showed that by melt spinning the metastable solublilty of zirconium could be
extended to 1.33%. The vield sirength of the canned and extruded powder (at
600°C) was found to be 406 MPa with an electrical conduclivity of 91% IACS [22],
while the microhardness of peak aged melt spun ribbons reached 340 H,; after 1 h
at 40Q0°C with conductivities of 45% IACS [18].

Spray formed copper-zirconlum deposils containing up to 0.62319% zfrconium
have been studied by Cheng et al. [27], and, Singh and Lawley [28]. Because of the
finer and greater homogeneity In microstructure obtained by the spray forming
process, lhese materials showed superior properties wilth respect io similar
composilions processed by ingot metallurgy. A grain size of less than 40 um was
obiained, with 2 pm CugZr particles decorating the boundaries. This phase was
unaliered during thermomechanical treatment. After aging the deposiled materal at
400°C for 15 min a vield strengih of 524 MPa and a conduciivity of 82% IACS was
tmeasured [28].

As for the copper-chromium, copper-zirconium systems processed by rapid
solidification show great promise.

Rapid solidification of copper-beryllium-based alloys has shown lo be
detrimental lo strength. Nishi et al. (29, 30] reported that in a commercial grade of
copper-beryllium-coball alloy the peak aging time for the rapidiy solidified material
was longer than for conventionally quenched atioys. The primary sirengthening
phase in copper-berylfiurn-based alloys is the metastiable ¥y phase. The ¥ phase is
the stable ordered bec precipitate. in the rapldly solidified material the formation of
¥ was found (0 be suppressed and that of v, enhanced. The reasons were: (a) large
concentrations of quenched-in vacandes which prevent the cobalt atoms from
accelerating the precipitation of ¥ and; (b} large ¥ precipitates in the as cast materal
denuding their immediate surrounding of alloying elements. If the rapidly solidified
material Is solution treated, quenched and aged, the hardness values oblained were
superiour.

Késter and Caesar reported that alloying additions decreased the grain size and
the thickness of melt spun ribbons under identical processing conditions [31]..For
coppei-nickel and copper-iron alioys [23] the microstructure was dependent on the
velodity of the quenching substrate as wefi as the melt ¢jeclion temperaiure. For
velodities of 20-30 ms-t, or low melt temperatures, large equiaxed grains were
observed in the iransverse section of the ribbons. At intermediate velocities three
types of grains were seen: (a) a zone of chill crystals on the wheel contact side, (b) a
central zone of columnar grains and; (¢} a layer of equiaxed crystals near the top
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surface. Wheel speeds of 40 ms-1 resulted in columnar grains extending throughout
the dbbon ctoss section.

Table 1i.1 gives the maximum melastable solublilty exlensions obtained by
rapid solidification of some binary alloys. The exlension of solubility were found to
vary with quench rate and dimenslons of the rapidiy solidified product as reflected
by the lower values of solid solubility extension reported for chromium (2a1% [17])
and zirconlum (0.531% [22]).

TableI1.]

Solid solubilities of some elemenis in conventionaliy and rapidly
solidified (meil spun) condition in copper

Max. Metastable
Alloy equilbrium | Temperalure | solubility (3t%) references
systern _| solubiiity (21%) C)
Cu-Co 5.1 1112 15 21,33
Cu-Cr 0.89 1077 3.32 6, 18
Cu-Fe 4.8 1094 20 21,31, 34
Cu-35n 9.1 586 15 21, 35
Cu-Ti B 885 9 21,32
Cu-Zr 0.1 077 1.33 21,18
2 Dls ion ned all

Disperslon strengthening offers a means of strengthening at iemperatures
where predipilation hardened materials become lneffective. Schilling and Grant [36]
showed that oxide dispersions in copper are effeclive 1o temperatures up 0
1000°C. The process involves making a homogeneous alloy containing the stable
oxide-forming solute usually In solid solution (e.g. aluminium, beryllium, stlicon}
and precipitating the oxide as oxygen is diffused Into the material [37]). Because of
economic considerations, the time during which internal oxidation takes place must
be fimited. it is for this reason that the powder metallurgy rouie has proven to be
the only praclical method of manufacturing oxide dispersion strengthened copper.
Wire or strip thicker than 0.25 mm are unpracticaf (38, 39].The internal oxidation of
various binary solid solution copper alloys was sludied In detail by Rhines (37].
Copper-alumina and copper-sllica internally oxidized alloys containing 3.5¥019% and
2.1vol% oxide had a room temperature vield strengths of up to 490 MPa and
240 MPa respectively and conductivities of 65% IACS [40]. The softening of these
oxide dispersion strengthened materials was found io be pushed to higher
{emperatures as shown by the tenstle strengths of cold worked ZrQ,-containing
alloys conmtalning 1.3v0l% dispersion, where the strength of the as drawn material
was 600 MPa, and afier 1 h at B00-1000°C, decreased to 450 MPa [39]. The
electrical conductivity of the material was 90% IACS.

Grant et al. [1] siudied rapidly solldified powders which contalned alloying
elements that permitted the combination of both precipitation and oxide dispersion
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strengthening. Because the powders were rapidiy quenched, they atiained both
extended solid solubilities as well as highly homogeneous and refined structures.
The former advantage being quite importani due 10 the limited solid solubliity of
some of the alloying elemenis used assodated with high conductivity copper alloys.
The high surface area of the rapidiy solidified powders made them suscepiible to
sutface oxidation even at room temperature. Surface oxidation during processing
was good enough 1o oxidize the reactive elements such as aluminium, ttanium or
zirconlum. Any coppet oxide formed during processing was reduced in hydrogen
before consolidation. Surface oxidized copper-chromlum-zirconiume-aluminium
alloys showed remarkable {hermal stability. The yield strength of the as extruded
material was 476 MPa, afler annealing at 950°C for 1 h the diop in strength was
only of 20 MPa. Its conductivity was measured as 60% IACS.

The structural relinement assodated with rapid solidilication permits the use of
elements which normally sesull in segregation by conventional ingot meialiurgy.
Dispersoids that are soluble in the liquid can be introduced in a microsegregated
mannetr in the solid, resultlng in a dispersion hardened materfal. The
coppet-manganese-boron systern which was recenlly studied [41], showed that
several manganese borides formed depending on the composition of the alloy. The
disperslons were Tine in size and were distriibuted on {he solidification cell
boundaries of the melt spun maleral. The flow strength of the as cast ribbons
ranged from 280-680 MPa for 0.76-5.50v01% dispersion. Copper-intermetallic
dispersion hardened systems have also been studied. Melt spun ribbons of copper
containing CroNb Inlermetallic partides were cast, chopped and compacied before
hot rolling 1o produce fully dense sheet product {42). The tenslle sttengths were
tested over a temperalure range of 25-850°C. Yield and ultimale tenstie strengths
were in excess of 250 MPa at 25°C and remained in excess of 100 MPa up {o
750°C. Other microsegregated dispersion hardened copper alloys based on the
copper-boron syslem produced by mell spinning have been siudied. The solid
solubllity of boron was increased lo approximately 421% in the wheel contact side of
the mell spun ribbons where the microhardness reached 600 H,, after annealing 2 h
at 600°C [43]. Ribbons having a near eulectic composition (13.321% boron)
consisted of three zones: {(a) a microstructure which was thought 1o be the result of
devitrification during solid state cooling of an amorphous structure near the wheel
side, (b) a cellular and; {c) a dendritic microstructure on the top portion of the
ribbon. Concentrated copper-nickel-metal-boron alloys containing 20-40a1% solute
were melt spun by Panchanathan (44). In the as cast state the nbbons were fragile,
after heat treatment at 760°C for 2 h their ductility increased, different metal borides
formed and hardness values, ranging from 200-500 H, were measured.
Yefinov et al. studied the infiuence of cooling rate and subsequent annealing on the
microstructure and hardness of copper alioys contalning 1-60at% solute [45].
Critical cooling rates were necessary to suppress peritectic and monotectlc reactions.
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At higher coofing rates, the rutual solubllity of the components incteased. The
microhardness of the as cast material increased with quench rate and decreased
with increasing annealing time at 400°C (all but the Cu-Zr3al%, Cu-Cr6al% and
Cu-Si12at% ribbons where microhardness increased with annealing time up to 150,
200 and 300 Hy, respectively after 5-10 h at 400°C).

Stable dispersions have been introduced in copper by either blending [46) or
mechanically alloying mixtures of copper and dispersoid powders {47-49].
Mechanical alloving of slightly soluble additions such as chromium and niobium
were found to be more quickly and finely dispersed than the slable less reactive
additions such as diboride particles. Some of these malerials showed fairly good
resistance (o sofiening. The yield strength of ‘mechanically alioyed, compacted and
extruded at 700°C Cu-Nb 531% was 1250 MPa; afier annealing for 1 h at 1000°C
the strength diopped to 940 MPa. It was suggested thal the mechanical alloying of
copper-dispersion systems 1s capable of distributing larger guantilies of poortly
soluble matedlals, the scaie of refinement depending on the ease of particie
break-down. Rapid solidification was found to be in some cases limited by the
non-uniformity In particle distribution once a critical solute concentration is
exceeded.

The mechanical properties, means of production and elecitical conductivity of
some rapldly solldified ailoys are given in table 11.2. 1t is apparent that
coppet-chromium and copper-zirconium precipitation hardened alloys exhibit better
mechanical strengths and conduclivities. The multiple strengthened alioys exhibit
very high strength characterislics, however, thelr conduclivities are refatively low.

2.2 Solute cho

This seclion establishes guide-lines that may help in the cholce of solute for
high strengih high conductivity alioys. The solutes chosen shoulfd have the following
characteristics:

(a) a low equilibrium solubility and a minimal effect on the conduclivity of copper.
{b) the potenlial of producing a large volume fraction of finely dispersed particles in
the consolidated material, by either:

(i) Precipitation hardening”; solutes will be chosen in order to achieve solubility

extenston by rapid solidification. The lime temperature treatments during

consolidation are equivalent to an aging treatment, however, it is hoped that
the resultant microstructure will have a sufficiently large volume fraction of
particles to cormnpensate for the loss in strength due to over-aging, or;

*In-the context of this study, rapidly solidified precipitation hardened ailoys are
materials where the strengthening phase is the result of precipitailon from a
metastable solld solution.
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Iable 1.2 Mechanical and electrical properties of some rapidly solidified copper

oys

Alloy ::);] p.in :1;3 ;\fdga %IACS Process route tef.

Cu 167 [ 177 | - | e M inia t e | 50

cucez |68 |eos | - |TemSte ‘iﬁ?&gﬁ’g;gdsf;?eﬁbbm 7

cucrs | 760|760 | . |TEMSHe 18&?& of n;;gdsgg?eﬁbbon nl

cuCrs | 415 | as0 | 70 Frtrusion at 70T - ofrepidly | 49

Cuzi035 | 406 | 460 | @ E;:g;;jgg;;g?gngzggu;gfjgggc 22

Cwzi0.56 | 324 | 417 | gz | PO O e 9 | 20

Covosonoy | 745 | 815 | 25 | Doueed for cxmided, sohiontssd | 1
a1 950°C and aged at 575°C

IO e | 503 | 1 | BT, st o |
Al03) at 950°C and aged at 575°C

(2.93$$ ;.1-203) a7t | ags | . | €S alr.)trlj‘;a;.tci‘.1 g::;r‘:[agy egggdized and|

(i) Dispersion hardening® ; the solutes wili be chosen such that rapid
solidification resulis in a fine distribution of microsegregated stable particdes.
The particles should be sufficiently stable to enable hol consolidation with
minimal microstructural changes.

{<) Low diffuslvity to ensure reasonable thermal stability.

The effect of solules on conductivity Is presented in section 2.2.1. Solute
diffusivity in copper will be reviewed in section 2.2.2. The prediction of solubility
extension in view of the production of precipitation hardened materials Is covered
by section 2.2.3 and solute choice for the production of dispersion hardened
materials is discussed in section 2.2.4.

1 Co Ivi

Electrical conductivity of alloys depends on type and the concentration of solute
In solid solution, the lattice siralns due 1o defecis such as vacancies, dislocations

# Rapidly solidified dispersilon hardened alloys are wmalerlals where the
strengthening phase (dispersoid) Is the result of microsegregalon during
solidification.
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and grain boundaries, and the volume faction of second phase particles. The spatial
distribution of these particles and the nature of their Interface also play an important
role. It has been shown that graln relinement and cold working provide
strengthening with litlle decrease in conductivity [51, 52]. For this reason the final
process usually carrfed out in strengthening copper alloys is cold working. Solutes,
such as zinc have been added to reduce the stacking fault energy of the material -
thereby promoting its work hardening characterislics, however, the presence of
such elements decreases conductivity [53).

Figure .1 showed thal sirength and conductivity are inversely related.
Precipitation and dispersion hardening provide beiter possibllities than solute
hardening when considerdng strengthening mechanisms that do not affect
conductivity. The solute and ts solubility In the matrix as well as the nature and the
volume fraction of strengthening phase will play an important role In determining
the conductivity of the material. An Incoherent particle-matrix interface will be
preferred since matrix strains will be reduced, and If the volume fraction of second
phase particles is limited to less than 5v0l%, the conductivity of the alloy will only be
slighlly affected.

Table 11.3 fists the solubllities at 200°C [21] and the Increase in resistivity per
atomic percent solute in copper [54] for various alloying elements. The fast column
shows the product of the solubility and Increase in resistivity. it 1s clear that the
linear approximallon of the increase in resistivity does not hold for concentraled
solid solutions. However, the value of this product gives an idea on the solutes to
be avotded in developing high conductivity alioys. For a given admissible increase in
resistivity due 1o solute solubility in the muatrix, for example 0.2 pQQcm which
corresponds 1o a drop In conductivity of 10% LACS, alloying elements can be
chosen. Under these conditions it Is shown that all insoluble solutes may be used
without much modilication in conductivity. Solutes such as selenium and sulphur
are known to be detrimental to the ductility of the alloy, resulling in britlie grain
boundary fracture and should therefore be avolded. Lead, silver, boton and
chromium c¢an be used as alloying additions because of their low equilibrium
solubility and effect on conductivity of copper. The increase in resistivity due to
zirconium additions Is small and it may also be considered a possible alloying
addition (section 2.1.1, page8). it should also be noted thal the solubility of an
element can be greally modified by the formation of a siable dispersold. For
example, the solubility of nickel can be reduced by addition of another solute such
as boron. Nickel boride is precipialed, this compound has a lower solubtitty in
copper and reduces the concentration of nickel in solution.

Because of the difficulty in measuring conductivity of thin melt spun ribbons,
no conductivity measurements were carried oui in this study. However, {f the
conditions eslablished above are followed, the conductivity of the alloys sludted in
this work can be expected 10 be dose to B0% IACS.
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Table .3 Solubility and the increase in reslistivity per alomic percent of solue in
solid solulion

Solubility at Increase in
Solute approx. 200°C resistivity Product (see text)
(atog) (US2cmy@19%)
Ca 0.0 {0.3) (0.0)
v (0.0) (0.6} (0.0)
Te (0.0) {8.4) (0.0)
Se (0.0) (10.5) (0.0)
Q 0.001 5.3 0.003
S 0.001 0.2 0.009
Pb 0.01 3.3 0.033
Ag 0.08 0.6 0.036
B 0.08 1.4 0.084
Cd 0.3 0.3 0.09
Cr 0.03 - 4.0 0.i2
Fe 0.1 8.5 0.85
Be 1.4 0.65 0.91
Co 0.24 6.9 1.68
Sn 0.7 ' 3.1 2.17
Mg 4 0.8 3.2
P 1.2 8.7 8.0
Zn 30 0.3 9.0
Sb 20 5.5 11
Ti 1.0 16 16
Al 18 0.95 17.1
Si 8 3.1 24.8
As 7 6.7 46.9
Mn 24 2.9 689.6
Ni 100 1.1 110

2.2.2 Diffuslvity

Analogous o self diffusion, impurity diffusion can be wrilten as an Arthenius
type relation:

peaenl@) o

where Dy, is the frequency factor, Qy, is the activation energy, R is the universal
gas constant and T is ihe temperature [55). During the past twenty years numerous
models for the calculation of Q2 have been proposed. Many of the models are

“The values in parentheses represent expetimenially insoluble solutes.
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derived from the inflal models develaped by Swalin {56] Tumbull [57] and Lazarus
[58), respeciively based on the elastic, thermodynamic and electrostatic properties
of the diffusing spedes and the soiute atoms. Lazarus’ model, maodified by LeClaire
(59] to Include the Interaction effects between solute atoms, proposes that the
actvation energy for transport is based on the elecirostatic interaction between an
impurity and a vacancy. Q was refated to the electrostatic interaction between the
excess charge of the Ienpurity and the two half vacanties which flank it at the saddie
point. The effective charge differance between solute and solvent jans s the central
parameler of the model. Tumbulls' madel for the determinatlon of Qy is based on
ihermodynamic parameters of the solute and solverd atoms. With these ideas,
Neumann and Hirschwald [60)] proposed a madel based on the melting points of
the pute solufe and solvent melals.

Swalin, used the elastic properties of the solvenl and solute 10 develop a model
Tor vacancy controffed solute diffusion [56). The enthalpy of movement of a solute
atom from a normal laltice site into the saddle-point poslion adfacent to the vacant
sie 1s calculated. The solute atom s considered 10 behave as an elastic sphere, and
thus, parl of the enthalpy of movement is assumed to result from the hydrostatic
compression of the solute atom and part from the dilatation of the constriction at
the saddle poini. An equation Is derived for Qy in terms of the Goldschunidt radius
of the solute and the compressibilities of the soluie and solvent. Neumann and
8eke [61] proposed another half empirical model which permits the caleulation of Q
with the aid of the buik moduli of the pure solvenl and solute metals.

All the models described abave permit 1o estitmate the activation energy lor
transport of the solute atoms in close packed structures where the diffusion is
controtled by a vacancy mechanism. These models are in close agreement with
experimental results for some solutes and not for others, the solules being differemt
for 1he difterent models. In this work, Swalins’ model based on ihe Goldschunidi
radii and bulk modufl 10 predict the activation energy for bulk diffiusion is used, for it
was demonstrated that the calculated and experimental activation energles of many
solules In copper were In good agreement [56]. Figure 11.1 shows the results of the
calculation as well as the experimentally observed [62, 63] aclivation energles as a
function of atomic nurnber. i can be seen that the periodic trend of the eletnents |s
observed. In all cases, excepl for ihe activation energy of cerium (atomic number
5B), the caleulaled and the predicled values are within close to 20 KJmal-!. It was
observed by Badrinarayanan and Mathur [64) that \he diffusion of rare earth metals
In copper takes place with unusually low diffusion coefidents. The low diffusivities
were primarilly due to remarkably low frequency factors; 2x10-12 m2s-! as
compared with the generally observed (0.1-1)x10-9 mZs-! for bulk diffuslon In any
metal. The low value of the activation energy that they measured, found in
figure ll.1, as weti as fhe frequency factor for cerium would suggest that the
diffusivity measured by the authors 1s due to pipe and not bulk diffusion.
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Since the frequency term for most solutes in copper can be predicted to one
order of magnilude, the diffusivity of any alloying element can be estimated with
reasonable accuracy. As will be shown in section 2.4, page 26, particle growth
depends on the diffuslvity of the rate controlling solute. Considering various
propertles of solutes such as diffusivity, solubility and effect on conductivily,
calclum, cerium, chromium. nlobium, yiidum and zirconium were selected as
solute additions for precipitation hardening.
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Figure 11.1 Activatlon energies of bulk diffusion of various solules in copper;
calculated (usinggiSwaJins' model) and experimental [62, 63] PP

2. Iubolli

Solubility extension by means of rapld solidification depends on the kinetics of
rapld solidiflcation and will occur under specific thermodynamic constraints. The
following sections will review these conditions.

r NCrni [} tlonl Il

There are thermodynamic conditions which tust be satisfied in order to have a
solid with the same composition as the liquid. These conditions were first described
by Baker and Cahn in 1971 [65); the temperature of the interface between the
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homogeneous, unsegregaled solid and liquid during solidification must be below a
crilical iemperature, T,. At this temperature both the solid and liquid phases have
the same free energy. it is regarded as the highest temperature at which the solid
can form with the same composition as its melt. The next section shaws that such
interface ternperatures are not necessary to abtain solute trapping, but Lhe evalution
of the T, line with composition can help detenmine the ease at which saiubliity
exiension may ocout.

For a given composition if the liquidus and T, lines are close, salid solution
extension is lhermodynamically possible, provided that the melt Is undercooled
below T, during solidification. However, when the T, curve plunges at low sclute
concentrations, solubility extension becomes thermodynamically impaossible. This is
usually encounlered In systems where the liquid shows large poasitive devialions
from ideal behaviour [66).

Calculalion of T, curves requires the knowledge of thermodynamic properiies
of the phases In compelition at cancentrations and temperalures where some of
ihern are not slable. Assuming rapid interface kinetics, solule trapping, a constant
partition coefficient and a dilute solution, Boettinger and Carieli {67) showed that T,
line can be approximated by:

Xmin(k,)

TO= T[+ ko-l

2}

where Tyis the meliing point, m, the liguidus slope, k;, the equiiibfium partition
coeflicient and X the mole fraction of solute at the solid-liquid Interface. This
approximation helps determine the characteristics of the T, line and wili be used in
this study to explain some of the possibie solublliity extensions.

2 hetlcs ditication

In addillon 1o chemical and thermodynamic considerallons, the kinetic
canditions necessary to obiain solute trapping by rapid solidification shauld be
considered. At high solidification rates, dendrites ot celis no longer farm and a
homageneous solid Is praduced. By rapid solidification, camplete supersaturation of
the crystal can be obtained elther by planar fron! growth of the solid-liquid interface
al the limil of absolute stability {68) or by partitionless solidification due 1a loss of
focal equilibtium [69), section 2.2.3.1.

The conditions required for planar growth at the limit of absclute stability were
proposed by Corlell and Sekerka [68) who applied the perturbation theory of
morphological stabitity of the Interface of Mullins and Sekerka [70] to rapid
solidification rates. For growth at high velacities, surface tenslon restabilizes the
solidificalion front when the heal flow is towards the salid, as is most often
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encountered In melt spinning. The threshold velocity V, that must be exceeded 1o
result in absolute stability is given by:

AT,D
Vo= =0 3)

kI’

where AT (not to be confused with T, defined in the previous section) is the alioy
freezing range, given by:

ATh = mC, (k-1)
0= k @)

and D is the solute diffustvity in the liquid, k is the soluie inlerface partition
coefficient and T is the Gibbs-Thomson coeflicient ¥AS, m is the liquidus slope,
defined so lhal the product (k-1)m is always positive. C,, is the alloy concenlration,
¥ the solid-liguid Interfacial energy, and AS the eniropy of fusion.

I was shown by Aziz (71] that the solule distribution coeffidient deviates from
its equilibrium value as the velocdity of the interface Increases:

_ ko + aOVfD

ky=-2t /D 5
et )

where k, is the kinetic partition coeflicient, k, the equilibriumn partition coefficient,
aoV/D is related to the Interfaclal peclet number where a, is the alomic jump
distance at the solid-liquid interface, and V the interface velacity. It is important to
note that under conditions of absolute stability solute trapping occurs, the
composition of the solid being determined by k, which Is not necessarify unity.

The transition to partilionless solidification occurs when the velocity of the
interface surpasses the diffusive speed of the solute In the liguid (the interface peclet
number reaches unity). At this point there is a fse In the partition coeflicient from
the value given by Aziz (k, = (ko+1)/2) towards unity [72). The velodity of the
interface under these conditions is delermined by V| thus:

T dq (6)

Equaltions 3 and 4 show thal V, increases with solute concentration. In such
cases solidification without segregation will occur by partitionless solidification rather
than absolute stability beyond a critical concentration ci,“" al which V, has reached
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V, [73]. If the condltion is set that V, = V; the following equation for C S is
oblained:

Cerit. - E2r
© " mikl)a, (7)

Cg“l' Is therefore the theoretical composition below which supersaturation is
oblained by absolute stability and above which loss of local equilibrium will control
the supersaturation. In the latter case the condftiont k, = 1 can only be oblained
when the interface temperature falls below T, as shown in the previous section.

For values of the equilibrium partition coefficient close to unity and with a small
ATg. V, will increase slowly with concentration and will never reach V. For such
systems, solubllity extension is relatively easy, and the segregation free solid is
obtained by growth al the limit of absolute stability. For partition coeffidents very
much less than unfty, V, will rise steeply with C, and will reach CO it at low
concentrations. Solublhw exteasion ts thereafler controlled by pattitionless
solidification which necessitates a faster growth velacity, V. The value of Cc,m' can
therefore be regarded as a means of assessment of the ease of solubility extension.

Cf,ﬂ should in real terms be calculated using the kinetic partitton coefficient,
which liself ts a function of the interface velocity, and a solute diffusivity, which is a
funclion of the Interface temperature. if these kinetic teems (k, (V) and D(T)) are
Introduced into the equation of V,, absolute stability occurs at speeds smaller than
those predicted by the equilibdum parameters, which would push CO to higher
concentrations [74). Analysis of solubility extension in the light of the C?‘ criterion
will be described later for the solutes employed In (his study.

2.2.4 Dl Id stabil

‘The combination of solutes {o produce a stable dispersion in the solid state by
microsegregation requires thal the solutes and dispersion be soluble in the liquld
before rapid solidification. Oxides and nitrides are difficuit dispersions to Introduce
due to the poor solubility of oxygen and nitrogen in fiquid copper. Dispersions
composed of phosphides, silicides, and arsenides are not suilable because of the
strang effect of phosphorus, stlicon and arsenic on the conductivity of copper.
Baron has a good solubility tn liquid copper, a minor influence on conductivity and
a wide range metal-boron compounds with differenl stabilities. Ternary
copper-metal-boron systems could therefore be Interesting microsegregation
dispersion hardened alloys to explore. Table [1.4 summarizes the melting polnts
[21] and heats of formation [62, 75] of various metal borides. It can be seen that
melting point and heat of formation of the borides are related and when the heat of
formation 1s not known, the melling point may be used to assess stability.
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For the purpose of this study different borides were envisaged. In the lower
range of stabilities, assuming that the stability of Ni3B is sufficiently high to limit the
solubility of nickel in the copper-Ni3B system, this pseudo-binary system was
Interesting o study. Intermediate stability and stable barides such as those of
chromium, cobalt, iron, nickel, titanium, yttrium and zirconium, were also studied
as possible microsegregated disperstons.

Table 1.4 Melling polnts and heats of formation of various metal borides.

Standard heat of
Baride Meliing point (°C) formation AH{298]
(KJmal-1)

NiyB 1156

FeB 1650 71

Fe,B 1380 71

CeB, 1500 94

YBg 2300 100

&8, 2000 701

VB, 2400 205

NGB, 3000 251

TiB, , 2980 281

ZrB, 3040 324

CeBg 2550 352

2.3 Mechanical properiles

1t is of interest 10 explore the mechanisms which determine the flow strength of
rapidly solidified disperslon hardened alloys. In the presence of a uniform
distribution of panicles the shear stress Increase due to the bowing of dislocations
between particles can be calculated using the equation proposed by Kocks for

Orowan loaping [76]:

1 2A
Tedge 1 8 2,— : )
where
ubz ( ¢ ) o
2b

and Ay, Is the centre to centre planar interparticle spadng, b the Burgers vector, p the
shear modulus of copper and ¢ is the obsiacle size. It musi be noted that thls



relationship describes the strengthening achleved by randomly distributed
non-sheatable paricies.

It was shown In sevetal works [19, 41, 47-49] that the flow strengih of
mechanically alloyed or rapidly solidified and aged, dispersion hardened, copper
alloys could be explained by an eguation similar to that proposed by Kocks,
Introducing the approprate values In equation 8, considering a Taylor factor of 3
and an equivalent number of edge and screw dislocations taking part in particle
bypassing, the contribution 1o strength brought about by the presence of a uniform
distribution of non-shearable particles in copper can be writlen as [47):

| ¢
a0 - 2] o

In a composite approach lo strengthening, Kocks [77] suggested ihat the
experimental flow siress, Ggy,. could be expressed as the sum of volume
fraction-weighied contributions of each of the strengthening mechanisms. Moriis
and Morrs (41] showed that for rapidly solidifled copper-manganese-boron alloys
the fiow strengths (taken al 0.2% deformation) can be explained by:

Coxp = {vg

bo-gb + (I-f‘:'gh) [{Vc{ Y szv+apc +0m } + (1-&{) (Gpv‘i'am)] (11)
where f, . is the volume fraction of grain boundaries, Oy, the local flow stress at
the grain boundary, f,_ Is the volume fraction of cell walls in the interor of the
grains. The term In curly brackets reptesents the contribution to the flow stress at
the walls of the solldification cell given by the bimodal distribution of paritcles which
is composed of: (a) the particles present only at the cell boundary contributing to
strength by G p,, and (b) those uniformly distributed throughout the volume giving a
strength contribution of G, , and; (¢) the strength, o, the llow stress of the sofl
matrix. .

Strengthening by grain reflnement has been studied on many occasions in
rapidly solidified materials. The exponeni n, of gtain size dependence can assumme
values anywhere between -1/3 and -1 in the equation:

G = 0, + Kd” (12)

where ¢ is the flow stress and K and o, matedal pararneters. Morsis and Morris
{41] showed that the matrix stress was inversely propotiional 1o the grain size. This
was achieved by subtracting the contribution of stress due to particdes given by
equation 10 from 1he expetimental Aow stress, in rapidly solidified
copper-manganese-boron ribbons of 0.5-5 um grain size. They determined that the
matrix stress followed the reflatton:
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Om= 60 [MPaum) % (13)

where d is given in microns. Chokshi et af [78] using microhardness
measuremenis detetrnined a Hali-Peich relattonship for OHFC copper for grain sizes
ranging from 5-25 pm to be:

Hv =52 + 60 [p.m%] % (14)

where H, Is the Vickers hardness (in H,) and d the average grain size (in pm).

In order 10 achieve a yield strenglh of SO0 MPa, ihe value chosen as desirable
in this study, the established theories can be used o determine the particle size
necessary for a glven volume fraction. As a crude approximation, grain size
strenglhening will be neglecled for the moment. Particle strengthening requires a
patticle size of approximately 8 nm and 20 nm if a volume fraction of dispersion of
2 and 5% is considered. :

2.4 Particle coatsening

A knowledde of the kinelics of microstructural change is imporiani for ensurlng
maintenance of fine microstructure both during consolldation as well as during
usage of the material. The coarsening rate will depend on three major teems: ihe
particle-matrix interfacial energy and the solubility and diffusivity of the rate
controlling elemeni. The rate of change in microstructure can be predicted using
eslablished models based on different raie controlling soluie ransport mechanisms
for comparison with experimenial observations.

The drving force for particle coarsening is the reduction of the foial
particle-matrix interfacial energy in the sysiem. The growth originates from the
concentration gradienis around the particles caused by the thermodynamic
equilibrium between the curvature of (he inierface and the chemical poleniial al the
interface, represented by the Glbbs-Thomson equation. The solute concentration at
the surface of large particles is lower than that at smaller particles. Solute flows
through the concentratton gradients from ihe surface of the smaller particles to the
surface of larger particles. During this process, the average radius of the particles
increases. For bulk transport controlled coarsening size is related by r3e<t. If the
transfer is controlled by pipe diffusion, established models predict thai growth wil
follow either a rdect or 1501 relation depending on the arrangement of ihe
dislacalions and their density in the mailerial. If transfer is grain boundary controlied,
growth follows a rde<i dependance. If the rate determining step in coarsening is
transpori across Lhe inierface growth will follow a r2e< relationship [79, 80).
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The problem of growlh of particles by difflusion of solute in a matrix was first
treated by Greenwood in 1956 (81). The basic equations on which lhe analysis is
based come from the Gibbs-Thomson relation for the concentration of solute in
equilibrium with a particle of radius, t. For a regular solution the solute solubility X,
{in alorn fraction), of a particle of infinile size can be approximated by:

{4G + Q)
Xo =€ («g-—— 15)
Xp kT (
where AG is the ideal free energy of mixing and £ is the regular solulion interaction
coelficient, For spherical particles with a finite radius 1, the solubiity X, becotnes:

X, = ex ('(AG -2 J;Vm)) (16)
= exp RT |

where ¥ is lhe interfacial energy and V,, the particle molar volume. From
equations 15 and 16, the solubllity at a particle of radius r can be approximaled by:

2y Vm)
= 1
X =X ( * R (i7)
Ficks' law for the diffusion flux, {, can be writlen:
;- o€
. o& (18)

where D is the diffusivity C the solute concentration (in mol m-3) and £ the distance
ahead of the particle. The combination of equations 17 and 18 establish lhe rate of
growth of the particle.

The theory of particle coarsening was furlher developed by Lifshitz and
Slyozov (82] and independently by Wagner [83] 10 model the kinetics of particle
growth. The Lifshitz, Slyozov and Wagner (LSW) theoty is based on a zero volume
fraction approximation which does not correspond to real sftuations. 8ecause of
this, considerable work was undertaken to modify the basic equations 10 avoid the
approximation. The theory of particle coarsening depends on the solution of three
baslc equations, these are: (a) the kinetic relation, derived from the fiux and the
Gibbs-Thomson equations which gives ithe growth rate of an individual particle
(b) the conlinuity equation which estabiishes comnpetilive growth between particies
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having a size different from the critical radius¥ and musl obey the particle size
distribution and; () the conservation equation which presupposes thal the quantity
of matter in the system remains constant and for which the solution of (a) and (b)
must be satisfied.

Many faclors have been found to influence Lhe coarsening kinetics of particles
in differenl degrees depending on the system under study. The major factors dealt
with in this sludy are: (a} volume fraction and; (b) short circuit diffusion paths such
as surfaces, grain boundaries and dislocations.

241V fraction e

As mentioned eartfler, the LSW theory is applicable only when the volume
fraction of parlicle is essentially zero and the rate determining mechanism Is
transport through the bulk. It predicts that the average volume of spherical particles
increases Hnearly and that the parlicle size disitibution reaches asymplotically a
stable theorelical distribution wilh time. Experimenial measurements in systems
where the volume fraclion is non-zero show similar behaviours, but Lhe size
distributions observed are broader Ihan thal predicled by the theory.

The difficulty of including the effect of volume fraction in the theory of particle
coarsening lies in the choice of the cul-off point or the size of the sphere of influence
when considering the flux equation. The soluton for sleady state diffusion through
concentric spheres of radii r and r' Is given by [84]):

where X' is the concentration at £=r". This equation was simplified in the LSW
Ireatment by taking the cut-off distance as infinity (i.e. the interparticle spacing Is
infinitely larger than the size of the particle), therefore lelting r'=e equation 19
becomes:

ax] &K
df e, r (20)

As long as the concentration gradient is given by equation 20 neither modeling of
the effect of volume fraction nar the diffusion geometry around the particle can be
taken inlo account, since the parameler 1’ is no longer present (85).

#The critical particle radius,r., is the radius of the particle in a given particle
distribution where dr/dt = 0
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Ardell [86] considered the radius of the sphere of infuence to be one-half the
centre lo centre intetparticle spacing. The result showed that lhe coarsening rate
Increased with volume fraction and the theoretical size distribution broadened
rapidly with lhe Increasing volume fraction of the second phase. Growth
nevertheless followed the r3«| relationship. Tsumuraya and Miyata [85) gave six
other allernative diffusion geometries for r', their models predicted that the particle
size distribution changes in skewness as the volume fraction increased. Several
other contributions [87-95] dealt with the volume fraction by either modifying the
diffusion georetry, using computer simulation techniques ot a statistical approach.
These models all showed that: (a) 3=t is foliowed for bulk diffusion controlled
coarsening, (b} the rate constant increased with volume fraction (the precise vaiue
varies considerably with the model} and; (¢) the particle size distribution broadened
with the rise in volume fraclion of second phase. For these theories, the variation of
the ratio of the theorefically predicled, to the LSW raie constant, Is approximaiely
1.5 for all but Ardells” model which predicts a ratio of 3 for 5vol% of dispersion.

in reallty, the absolute values of the predicied rate constanits cannot easily be
compared with experimmenial values because of the lack of precise information on
the interfacial energy, v, and diffusivity, D. In fact, many investigations {96-99] have
not clearly demonstrated a volume fraction dependence. Ardell [100] recentiy
showed, for a significant range of volume fractions and within the lirnits of
experimental error, the rate constant for diffusion conirolied coarsening of ¥
precipitates in nicke! alloys is Independent of volume fraction.

242 i clreuit diffuslon paths

For particles lying on grain boundaries or connected by dislocations, solule
diffusion paths can be the graln boundaries or dislocations, although solule can still
flow to the pattide directly from the volume. Theories developed tncorporating the
above factors are along the lines of the LSW development. They all result in
equations of the type:

Mg = Kt @1
where K, is the rate constant and n the rate exponeni. Depending on the precise
diffusion geometry and the assumptions made xy, has different values.

For bulk diffusion controlled coarsening, under the LSW assumptions, the
following equation applles:

(22}
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where Dy, is the bulk diffision coeflicient. If the possible effect of a finite volume
fraction is to be considered, the rale constant can be written as alf,)xs.

For grain boundary controlled growth, the rate constamni initially proposed by
Speight [101] was:

X V5o
Ky = %D@Z;Eﬁj‘_ 23)

where the rate exponent n is equal {o 4, Dy, the grain boundary diffusivity, & the
grain boundary thickness and A and B material constants for a given system,
depending on interfacial energy and volume fraclion of second phase particles on
the boundary, thus:

(24)

where Yy, is the grain boundary surface energy, and; B=0.5 In{m/l) where [is the
area fraction occupted by m partides on the boundary. Modificalions of x4 for grain
boundary diffusion conirolled growth with respect to lhe diffusion geometry were
proposed by other authors [102, 103]). However these result in only slight
modifications of the numerical values of equation 23.

Simifarly several relations have been proposed for the rate constant of pipe
diffusion conirolled coarsening. Kreye [104] establlshed, for a three dimensional
network of dislocations, that the size of the particle raised to the fith power was
proporiional to the annealing time and that the rate constant could be wrilien as:

- (4F 5 ngp,,, {2 Ve
% = (3] 25NaDoe 7 @

where N is the average number of dislocations reaching a pariicle, q the cross
section of a dislocation pipe and Dy, the pipe diffusivity of the solute. Ardell [103]
proposed a similar relation for a two dimenslonal network of dislocations as long as
the dislocation spacing was larger than the particle size. When the dislocalion
spacing came close to the partide size, a fourth power law was observed.

Il is clear that In real situatfons particles within the mairnx have a certain
number of connecting dislocations. The relative importance of these dislocations on
the coarsening of the partides will obviously depend ot thelr number and on the
annealing temperature. No systematic method based on microstructural
observations, has been established that identifies which of the transport paths will
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dominate during coarsening. An attemipt {0 establish a method to determine the rate
controlling transport path will be carried out in this study.



CHAPTER 3

Experimental
Conditions and Methods
of Analysis
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3.E . al Conditi | Methods of Analysi

Different elements were chosen as alloying addillons to copper in accordance
with conditions oudined in section 2.2 based on conductivity, solubility, diffusivity
and ease of handling. Assessmen! of the alloys was carried oul in two stages.
Initially, alloys were cast and thelt hormogenelty was examined optically.
Metallographically homogeneous ingots were melt spun. The ribbons were
chemically analyzed. They were then annealed for 30 min at different temperatures
and mechanically tested. The evolution of mechanical propertles and optical
microslructure with temperature for a given ribbon was used to characterize the
thermal stability of the microstructure. Ribbons showing fairly high strengths after
elevated temnperature treatrnents, or good thermal stabiity, were selected for further
siudy. In the second stage, quantification of the microstructural evolution on
annealing was catred out. Analysls of the rate of change darified the mechanisms
which controlled the observed stability, thus making it possible lo suggest Improved
alloys. The following seclions will describe the experimental methods used in
preparing the rapidly solidified materials and for analyses of microstructure and
mechanical properties.

3.1 Preparation of Ingots

Experimental alloy ingots weighing iwo hundred grams were prepared by
induction melting elements in the forrn of pteces 2-10mm In size in quartz tubes.”
Reactive elements such as calcium, ceriurmn, ytitium and zirconium, were introduced
by means of copper-rich master alloys close to the eutectic composilion which were
initially cast and chernically analyzed. Solute Joss or contamination was thereby
limited. Meliing was done under a protective atmosphere of helium. Before fusion,
the mixtures were initially degassed to remove any adsorbed contaminants. Table
HI.1 lists the binary and ternary alloys cast in this study.

Table lil.1 Chemical composiiions {in atomic percent} of the experimental alloys

cast
Blaary compositions
Cu-Ca 0.5
Cu-Ce 1.23
Cu-B2.7 Cu-B 72.34
Cu-¥Y 0.7 Cu-Y1.5
Cu-Cr 1.85 Cu-Cr 2.54 Cu-Cr 5.00
Cu-2r 0.33 Cu-Zr 0.55 Cu-Z2r 0.79 Cu-Zr 1.70

*The purity of the starting elements used was generally above 99.95%. Supplier for
Cu, Z1, Cr, Ti, Fe, Co and Si elermnental pieces was Balzers A.G., while Ce, Ca, Y, and
B came from CERAC Inc.
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itloos

Cu-Col B2
Cu-Crl B2
Cu-Fel B2
Cu-Tit B2
Cu-Zri 82
Cu-¥0.18 B2.45 Cu-¥0.23 85.66 Cu-Y0.6 B0.6 Cu-¥2.6 85.22
Cu-Ni1.98 BO.70 Cu-Ni4.6081.25 Cu-Ni7.1081.75 Cu-Nil12.6 B4.05
Cu-Ni1.01 B3.05 Cu-Ni3.95 81.33
Cu-Cr0.57 210.50 Cu-Crl.11 Z10.40 Cu-Crl.74 Z10.56 Cu-Cr1.83 2r0.00
Cu-Crl.96 Zc0.54 Cu-Cr2.19 Zc0.18 Cu-Cr2.08 Zr0.65 Cu-Cr2.11 2r0.81
Cu-Cr2.40 Zx0.18 Cu-Cr2.47 2r0.06 Cu-Cr2.51 Zv0.38 Cu-Cr2.49 Zr0.47
Cu-Cr2 .46 Z10.92 Cu-Cr2.51 Zr0.98 Cu-Cir2.73 2r0.20 Cu-Cr3.06 2r1.53
Cu-Cr3.18 Z10.06 Cu-Cr3.28 Z0.15 Cu-C3.12 2r0.39 Cu-Crd.13 2¢0.34
Cu-Cr2.44 Mg0.3 Cu-Cr2.22 Ti0.11 Cu-Cr2.41 5i0.23

3.2 Mett splnning

In ihe melt spinning process, as in other rapid solidification techniques. the
scale over which heat exlraclion lakes place must be reduced to obtain quench
rales ranging from 104-106 Ks-1 [105]. Melt spinning is based on a simple
technique whereby liquid metal Is expelied by an over pressure of Inert gas through
an orifice in the bottem of a crucible. The metal stream formed Impinges on a
rotating cold substrate and produces a ribbon, typicatly 30-150 pm thick. Heat
extraction primatily lakes place during the time the metal stceam is in contact with
the cold substrate. This primary cooling is ihie most important and is dependent on
the metaf fiux, the wheel speed and the heat transfer coefficients between the cold
substrate and the fiquid metal (106]. Ribbon thickness has been shown to be
refated 10 quench rate [107-110]. Depending on process parameters such as wheel
speed, ejeclion pressure, ofifice size and liquid metal viscosity, the thickness of the
fbbon produced can be controlied [111, 112] which enables the choice and conirol
of quench rate. Melt spinning therefore offers the possibillty of producing dbbons
with different quench rates for experimental analyses.

Various studies have relaled other experimental conditions to ribben quality,
such as the gas pressure and composilion of the substrale material, iis temperature
and roughness [106, 113, 114]. It was cleatly shown from these studies that the
quality of the ribbon produced Is very sensitive to melt spinning parameters.

Melt spinning was cartied out on a modified 1M Melt spinner of Marko
Matetials inc. This appatatus consisted of a stalnless steel chamber coninected 1o a
vacuum system permilling evacualion and back filling with hefium gas. Twenty
grams of the experimental alloy were Introduced into a quariz lube having a conlcal
end with an ordfice diameter of 0.9 mm. After several purges of the chamber with
helium gas, the afloy was induclion melted under a chamber partial pressure of
0.5 atm. The conical end of the quartz tube was placed 4-8 mm above a totating
copper-beryllium wheel, 25 cm in diameter, for which the rotation speed could be


Cu-Ni3.95Bl.33
Cu-Cr2.19Zr0.18
Cu-Cr2.ll
Cu-Cr2.73ZrO.20

Expermenial page-31-

controlled from 6-43 ms-i. Al a temperature of about 1500°C* an over-pressure
was applied to the quartz tube, ejecting the molten alloy onto the rotaling wheel,
diamond polished 10 1um. For most of the ribbons spun, the over-pressure was
0.9 aun. Experiments at different quench rates were camied out by changing the
rotation speed of the copper wheel, keeping all other parameters consiant. Under
these general conditions, with a peripheral wheel speed of 36 ms-1, ribbons 3 mm
wide and 30 pm thick were produced (these dimensions varied, depending on the
viscosity of the alloy at ejection). Figure II.1 shows a schernatic diagram of the melt
spinning apparatus used.

Ovar-prossure Entry Valve

Quariz Cruclble

(\>l

losed Chomber
WVacuym Valve

inducilon Coll

ki Alloy

0.9mm Cdlce
Metal Stieom
Mail Puddie
Cold Subsliale

ontac! Lenglh

Eigure lIL. 1 Schermaltic dlagram of the melt spinning apparatus used. In detail is the
crucible-melt guddle region shom?mg ribgnogpformalion

A number of difficulties were encountered when melt spinning boron free
copper alloys containing less than the equivalent of 4v0l%% of second phase. These
alloys were viscous at the melt gjection temperature. Melt spinning these alloys at

*Estimated from initial calibration of induction fumace sellings against thermocouple
readings during the fusion of a similar quantity of copper.
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speeds above 26 ms-1 resulted in fragmented ribbons with variations In width. This
tirniled the maximum casting speeds of these dilule boron-free alloys to 26 ms-1.
Boron-containing alloys were however suflicienty fiuld and generally easier to meli
spin. Fot these composilions no limitalions on the casting speed were encountered.

lcal ral exarminatl f 1l

Optical metatiography was carried out on iransverse sections of as cast and
heat treated ribbons. Ribbons were mounted transversally in hard bakalite,
diamond polished and chemically eiched using a solution of 100 mI H;0, 8 ml
HyS50,, 1.5 g NaCl and 2 g K;Cr;05. The uniformity of the microstructure along the
ribbons fenglh was examined. If microstruciural heterogeneity was observed, the
ribbon was discarded and another sample cast. Microstructurally uniforrn samples
were chemically analyzed by Optical Emission Spectroscopy. This enabled
contamination or solute loss lo be detected as well as to know the precise
composition of the ribbon.

1.4 Heat tieatments

Due o the reactive nature of the alloying elements used, ali heat treatments
were catried oul under inert atmospheres. Shott anneals, ranging from 10 min to
24 h, were carried oul in a muffle furnace under a flow of argon. For heat
reatments of several days, the meit spun ribbons were encapsulated in quartz
arnpoules under argon containing a small quantity of titanium powder as getier
which was isolated from the samples by refractory wool.

3.5 Mechanical property assessment

Tenslie tests were performed on a Schenck universaf iensile testing machine.
Wiihout any prelitninary preparalion, pieces of mel spun ribbon 30-40 mm long
were gripped using special flat hydraulic grips. The grip plates were coated with a
non-adherent ceramic coating and had rounded edges lo prevent any focal stress
concentrations on the ribbon at the points of attachrent. Each samnple was piaced
verlically between the grips so that 5-10 mm of ribbon were held in each gtip. The
gauge length, determined by lhe separation between the grips was fixed at 20 mm
for alf the lests. Several iests were carried out for each heat ireated state of the
ribbon. The cross head speed was fixed at 1 mm min-1. The icad, monitored by a
2 kN load cell, was converied to stress using the average cross seclional area, A, of
the sample iested, such that:

A=W/, W

where W Is the weight, L the length and, p. the density laken as that of pure copper
(since the volume fraction of second phase usually did not exceed 5v0i%, this only
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slighlly modified the density of the alloy with respect to pure copper). Figure Ill.2
shows typical force-deformation curves obtained by tensile testing melt spun
tibbons aller 30 min anneals.

Tensile testing of ribbons provided dala on the mechanical properties of the
over-all microstructure of the rapidly solidified ribbon. However, some ribbons
showed large microsiructural vanations throughout their thickness. For more
precise evaluation of the properiies of these different microstructures,
microhardness tests were carfied out. On ribbons showing distinct wheel and free
surface microstructures, Vickers microhardness iests were catried out on each
surface. The ribbons were mounted flat on glass slides and polished with 3 jim
diamond paste. Indentation loads of 15-25¢ were used for most of the
micrchardness testing.

Cu, [NIB, a400°GC,30min

‘ . : b 600°C,30min
¢ 700°C,30min

457

30

Force(N)

151

Siraln (%)

Eigure 1.2 Typical lensile curves obtalned by the dn'ecl tesling of rapidly solidified
Yp]\I i1.0131% B3.053% ribbons gpun at3 ? agnd aml])eal\éd at 400,
600 and 700°C for 30 min. It can be seen thal the flow stress of the
ribbans Is reproducible, while variations in ductlity occur.
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3.6 Electron microscopy

Microstructural observations were carrled out principally by transmission
electron microscopy. For the as cast and heat treated ribbons quantification of the
microstructucal evolution and crystallographic identification of phases by diffraction
analyses was performed using initially a Philips 300 and subsequently a
Fhilips CM12 transmission electron microscope. Scanning electran microscopy was
carried out on a Cambridge 250 Stereoscan scanning electran micrascope.

0.1 Thin fof ration

Hectron transpareni folls for transmission electron microscopy were prepared
by twin jet electropolishing using a Tenupol system. Two different electrolytes were
used depending on the alloy compositior:. For mast boron containing samples, the
electrolyte was based on a solution of 50v01% H3PO, in water. Oplimal conditions
ranged from 5 to 15°C and from 5 to 25V. For boron free ribbons, electrapolishing
was carrfed out using a 30v0l% HNO3 in methanol solution. Depending on the
sample and its heal treatment, thinning conditions varied greally, ranging from -60
1o -15°C and from 3 to 35V. For sampies where ihe dislocalion density was {0 be
eslimated, care was taken 1o ifimit the Introduction of any extra dislocations during
ihin foll preparalion. in some cases, such as for the annealed Cu Y0.72t% ribbons,
where large micron-sized yitrium-rich particles formed, no electrolyie, nor
temperature / potenilal condition was found that would simultanecusly electrapalish
the copper and the yhrum-rich phase. Other thinning techniques such as ion
bambardment were tried without improvemeni. For {his alloy. electrolylic thinning
with a nitric acid / methanol mixture was employed at -60°C, minimizing
preferential atiack of the yitrium-rich phase.

3.6.2 Phase Identification

Crystallographic analyses by electron diflraction of dispersed particles in copper
were carried out in some of the rapidiy solidified alloys studied. This enabled phase
Idenlification, as well as the characterizalion of possible phase transformations
which may resull from heat treatrnent. Depending on the size and oature of the
particle 10 be analyzed, the diffraction patterns were either obtained by direct
analysis of the particle in the thin foil (analysis of a particle near the edge of the foil
in otder to minimize the capper matrix diffraction), or abtained by analysis of the
particle extracted on a carbon replica.

Standard lechniques were used to obtain replicas {115, 116); aller deep
eiching and vacuum evaporallon of cdrbon on the ribbons surface, the coppet
malrix was dissolved In a 10vol% bromine In methanal salution, feaving behind the
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carbon replica which was thereafier rinsed in successive mixtures of methanol and
water and mounted on copper or berylium grids for examination.

The crystallographic analysis of an unknown phase was carried out by Uit
expetiments in the TEM using a double tilt sample holder. Characieristic zone axes
were deduced by selected area diffraction, occasionally the diffraction paitem was
obtained by micradiffraction. Knowing the approximate chemical compaosition of the
particle to be anaiyzed, diffraction paitetns obtained were firsi compared io possible
structures. The analysis was based on the angles between the zone axes and the
symmetry of the diflraction paitems. For this, the EMS software due to Stadelmann
was used [117]. This permitted an identification of the structure, Confirmation af the
structure was possible using computer generated diffraction patterns. The different
zone axes were obiained either by lilting following Kikuchi lines in diffraction mode,
or by tilting in dark field keeping a specific refiection excited and systematically
switching to diffraction in order to determine whether the particle was orlented dose
to a characteristic zone axis.

3 antitativ llo

Quantification of the microstructures of the rapldiy solidifled alloys was carried
out by optical and electron microscopy. Since optical microscopy presents a two
dimensianal section through the ihree dimenslonal structure, the data on size and
size distribution was ireated difierently from the data obtained by iransmission
electron microscopy where the image observed was a direct projection of the three
dimensional structure of the material (as long as the scale of the [eaiures exarined
Is not significantly different from the foil thickness). Quantitative analysis of size and
surface fraction was carried out on a Cambridge Quantimet 970 tmage analyzer.
Anaiysis was accomplished either by direct optical examination of the structure, or
by tracing the features of interest frocn TEM micrographs onto transparencies for
anaiysls.

3.7.1 Quantitative optical metalloqraphy

Quantitative aptical metallography was carried out only on boron rich ribbons.
These rapidly solidified alloys were characterized by a microstructural Insiability
which occurred upon heat ireatrnent; metastable boron-rich particles present in the
alloy dissolved at the expense of a2 more stable, rapidly growing, equilibrium phase.
The precise description of the events leading to this iransformation are descrlbed
later. Quantification of the number density and the size distribution of the stable
phase was necessary in order to determine the mechanisms which controlied the
rate of transfarmation.

Figure 111.3 shows an optical section of the typical phase formed upon heat
treatrnent. The particle consisted of many branches radiating from a central point.
Its size, @, was estitnated as the diameter of the circle encompassing the particle,
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assuming hat the shape could be assimiiated 1o a solid sphere. This assumption is
only vaild for small parlicle sizes and deviates from reality as the particle size
increases and the slructure of the particles becomes arborescent. From the number
of particles per unit area, N, the tnie particle volume density, N, was determined
[118] by the equation:

N,
d)max

N, = @)

The maximum size, Py, ., Was used, instead of the average size, @, since it was
assumed that all the beron crystals appeared at approximately the same instant, the
size distribution being close i¢ menodispersed, ¢f. section 4.1.2, page 51. The
voiume fraciion, f,, of crystalline boron was determined as the measured area
fraction. '

Eigure IM.3 Ogl.tcal micro ra;l)h of a transverse seclion of a Cu Y0.23 3% B5.66 8%
ribben after heat treatment (850°C for 1h) showigﬁ ihe sha;l)e of the
boren crystals and the radius of the encompassing circle used o define
the size of the particle.

7 tatlve tr tr lograph

Quantitative measuremenis from transmission eiectron micrographs were
limited 1o the delermination of size and voiume fraclion of second phase particles.
In some cases, the dislocalion density in ribbons befere and after heat treatment
was estimated. Depending on the size and the nature of the particles, different
confrasts were used 1o evaluate thetr dimensions. For small coherent (2-4 nm)
particles, bright field images taken under two beam condilions were unsatisfactory
because of the strong contrast assodated with the coherency of the particles. Dark
fleld images using precipitaie reflections, or images taken under conditions of phase
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contrast were used. For larger incoherent or semi-coherent particles, standard bright
field images using two beam condilions were taken. Foil thickness necessary for
volume fraction and dislocation density determinations, was estimated using
analysis of fringe contrast on the grain or twin boundaries [119).

i i i

The definiion of size depended on the application where the size of the particle
Intervened. For coarsening analysis, the size of the particle was defined differently
from the size used in the analysis of Orowan strengthening. The coarsening size of a
patrticle of arbitrary shape and volume, V, was defined by Lifshitz and Slyozov {82}
ag:

3
Ter = %}‘;j 3)

where the size of the particle is the radius of the sphere of equivalent volume. This
formulation was not used here. Since coarsening mechanisms are controlled by the
curvature of the partide, which depends an the specilic shape, Wagner [83] defined
a more appropriate effective radius as: '

ferr = 2(‘%’) @

where A is the particle surface area. This definition lakes better into account the
actual shape of the particle.

Particle morphalogies encountered in this work ranged from near-spherical to
cigar shaped. For nearly spherical particles, the size was defined as the average
radius obtained by taking the mean of the smallest and largest diameters. For the
cigar shaped particles, Wagners' equation of 1, was used (the development is given
Annex 1) where:

_w(3r-20) @(3v-1)
el = "2 )

and @ 1s the half width of the parlicle or the radius of the hemispherical cap, 1, the
length, and, v, the aspect ratio defined as 1/2@. It can be seen that in the above
equalion, for aspect ratios close to unity, the equation of r,qr approaches the radius
of the sphere. For other values of aspect ratio, I remains close to @ which
characterizes the curvature of the particle, the important parameter determining the
driving force for coarsening.
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To define the obsiacle size, ¢, in the Qrowan strengthening analysis, over
which the dislocation is required to bow, the size of the cigar shaped particles was
taken as a weighied average of ihe length and width of the particle:

_Am+t_2
¢ ==3 §.trr(u+2) ®)

i -particle i

The volume number densily, N, [118] was defined as:

£
N, =¥

where f; is the volume fraction deduced from the chemical composition of the alloy
as well as the molar volurne of the partide phase. The volume of the particle, V,
was calculaled as:

V= Zgr3 (8)

Wi

for nearly spherical particles or as:
V= 21w’ (v- 13) (9

for the cigar shaped particles. The volume and planar interparticle spadngs can
thereby be delermined respectively as:

A = 1 v

1 A, = L= /v
v and A, TN £ G010

i can be seen that the parlicle spacing, planar or volume, can be relaled o the
average size of the particle for a fixed volume fraction. Assuming nearly spherical
particles for simpilicity, the particle spacing can be written as A; = oyf where r is the
average fadius of the particle and o is the proportionality constani being for volume
and planar interparticle spacdngs respectively.

3f4n (2%
oy = =2+ and Q, = E i
v 3f, P 3f, {12, 13)

In some analyses it is not the centre 1o centre interparticle spacing which is
Important, but the free space between parlicles, defined as the surface to surface
particle spading A; - 2r. The relative error, 6, introduced by using ) instead of 44 - 2r
can be expressed in terms of ihe volume fraction as:
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A a4 o
A’_zt ﬂ’.;r-2r a;-2 (14)

%

Thus, the error can be shown to be about 20% for the planar interparticle spacing at
a volurne fraction of 2%.



CHAPTER 4
Results
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4. Resulis

The following sectlons summarize the observations and measuremenits
obtained from the afioys studied. They were classified into iwo familtes: the
boron-free and the boron-contalning compasitions.

4.1 Optical assessment of Microstructures

Equiaxed or columnar grains with solid soluiton, cellular or dendritic solute
distributions were observed after rapld solidification of the experimental alloys. The
micrastructures varied with concentration, casting conditions and type of alloying
addition. The modes of solidification and the resullant microstructure were
examined optically and the variation through the ribbon thickness noted.

4.1.1 Boron-free alloys

Optical examination of cast ingots of binary copper-calcium, ceriurn,
chromium, yltrium and zirconiurn as well as ternary copper-chromiurn-metal alloys
showed no microstructural heterogeneity after casting. Copper-niobium ingots were
contaminated and difficult to cast. Figure IV.1 shows the microstructures obtained
by melt spinning the Cu-Cr1.8% &% alloy under various conditions. The evolution of
their optical ricrostructures upon heat treatrment is also shown. In the as cast state
at different wheel speeds (figure IV.1.a, b and <) atl the ribbons consisted of
columpnar grains extending from the wheel contact side up 10 the fiee surface of the
ribbon. This structure was typical of all the chromium-rich ribbons. The columnar
grain width and ribbon thickness both decreased with increasing wheel speed.
Ribbons cast at a slow speed of 6 ms-! were thicker (=150 pm) with a columnar
widih of approximately 5-10 um, while ribbons cast at 36 ms-1 were approximately
30 um thick, having a columnar grain width of 2-3 pm. Near the wheel surface the
size was finer, but quickly reached a consiant vaiue through the rest of the ribbon
thickness. For ribbons spun at 6 ms-§ a eutectic microstructure could be
distinguished in some grains {(figure IV.1.a). At wheel speeds of 16 ms-! and abave
no second phase particles were optically visible for ribbons wilth chromium
concentrations up to 2.5 2%, suggesting possible solid solution extension up to this
concentration. In concentrations greater than 2.5 3% chromium, prirmary chromium
patiicles were observed in the as cast state at ali casting speeds. For ilernary
copper-chromiurn-rnetal ribbons, ai metal concentrations less than 0.3 3% the
microstructures were identical to the binary alioys when spun at similar speeds.
However, termary metal additions of zirconlum above 0.3 319% presented different
microstruciures which were similar to the binary zirconium-sich ribbons. Because of
the scale of the microsiructures abtained, the precise extent of solid solution
extension could not be assessed by optical microscopy. In this case electron
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microscopy was necessary to survey the distribution of solute in the different
tibbons.

Figure IV.1 Transverse optical microstructure of Cu-Crl.85 3% ribbons cast at
different speeds and after heat treatment. (a) At 6 ms-!1 the ribbon
consisted of columnar cgrains containing o tica]{y vistbie chromium
particles, At faster speeds from 16 (b) to 36 ms-1{c) no particles are
visible. Growth of ¢ onﬁu%arﬁdes occurred on heat treatment (d)
spun at 26 ms*1, 800°C, 30 min.

Figure IV.2 shows the variation of microstructure with increasing amounts of
solute and after heat treatment in copper-yittium and copper-zirconium ribbons casl
at 43 and 36 ms-1 respectively. Equivalent zones in the as cast siate are found in
the two yitrium-conlaining rbbons, having 0.7 3% (figure IV.2.a) and 1.7 31%
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yitrium (figure [V.2.b). The stucture was finer in the concentrated allay. Near the
wheel contact side, the ribbons showed a clear zone less susceplible to chemical
etching due to the lack of coarse yitrium-rich second phase particles at graln or cell
boundaries. This suggesied that the excess ytlium was either in solid solutfon or
that it was finely distributed within the grains as fine precipitation. Fine columnar
grains extended from this zone. The level of metallographic etch was greater which
suggested the presence of a segregated yttrium-rich phase. The top portion of the
tbbons consisted of equlaxed microsegregaled dendiitic grains. Capper-calcium
and copper-cerium ribbons cast ai 43 ms-1 showed very similar microstructure and
behaviour with soluie content in the as cast siate 1o the copper-ytirium ribbons;
solute rich partcles were observed at all casing speeds and concentrations
throughout the ribbon thickness, with the excepilon of a narrow wheel contact
zone.

Copper zirconium mbbons behaved midway between the copper-chromium
and the copper-calcium, cerium and ylrium ribbons, when casting conditions or
composition was changed. Figure IV.2.d and e show the transverse optical
microstnucture of the copper-zirconium (.33 2% and 0.55 a9 ribbons cast at
36 ms-1. The dilute alloy consisted of columnar grains 1 pm in widih. No
zirconlum-rich particles are aplically visible suggesting solid solulion extension 1o
approximately 0.3 219, Oplical examination of the concentrated ribbon showed ihat
1t consisted of particle-free grains lni the bottarn half and of dendiitic equiaxed gralns
on the top. Increasing the casting speed abave 36 ms-! did not shaw any lowering
in the fevel of segregation for the concentrated zirconium-coniaining ribbans.

Growth, or precipilation followed by growth, of second phase parlicles
occurred upon heat treatment in all the rbbons. For the copper-calclum,
copper-cerium and capper-yitrlum ribbons, the evolution of the microstructure
upon heat treaiment was faster than that of the copper-chromium or
zirconium-comiaining ribbons. Figure 1V.2.c shows the microstructure of
Cu-Y0.7 3% ribbon after heat treatrnent of 30 min at 800°C. The coalescence of the
ytirium-rich intermetallic into solated grains resulted in rapid coppet grain growth.
The copper grains last their columnar shape and reached a size of 5-10 pm. No
distinclion was possible between the different zones found in the as cast structure
after 30 min heal treatments above 700°C. The capper-caldum and cerium ribbons
showed similar rapid microstructural changes after heat treatment. CugCa or CugCe
[21] intermetallic particles coalesced in a similar manner 1o the yitrlum-rich phase,
which resulted in a coarse duplex microstructure. Due o ihe similarity in behaviour
of the calcium and ceriumn-contalning o the copper-yilrium ribbons, {he latter was
taken to represent the two other alioys. Growth of the zirconium-rich particles in the
copper-zirconium ribbons was slower. After heat treatment the zirconium-rich
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Eigure IV.2 Transverse optlical mlcrostructure of copper-ytirium and co” er-
zircontum rib gns before and after heall trealit%enx (a) Cu-Y0.7 3% gnd

(t? Cu-Y1.5 395 ribbons cast at 43 ms-1, their microstructure consisted
of three zones. Upon heat ireatment {(c)} {800°C, 30 min) the
microstruciure coarsened rapidly to large grains of copper and
cop%er-ynrium intermetallic. {d) As cast Cu-Zr0.33 3% and (e)
Cu-2r0.55 2l% ribbons spun at 36 ms-1, Copper-zirconium
intermelaliic particies could be seen after heal treatmenl of the
Cu-Zr0.55 4% ribbon for 30 min at BOC®C ().
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particles were clearly seen at the grain boundaries, but they did not coalesce at the
same rate as for the yttrium-containing ribbons. Figure IV.2.f shows the optical
microstructure of the Cu-Zr(.55 at% ribbon cast at 36 ms-1 heat trealed at 800°C
for 30 min. The grain size was not altered by heal treatrmenl as the inlermetallic
particles were pinning the grain boundaries. After heat treatment, as in the
copper-ylidum ribbons, no obvious distinction between the different portions of the
ribbon couid be seen. For all the chromium-containing ribbons heat lreatment
resuited in precipitation and the growth of chromium parlicles. They were found
uniformly distributed within the grains and along the grain boundaries (figure
IV.1.d}. Similarly, as in the zirconjum-containing ribbons, the grain size was
unazitered by heat treatment due to the presence of particles at the grain boundary
inhibiting grain growth.

1.2 Boron- aind

Copper-chromium-boron, copper-cobalt-boron and copper-iron-boron alioys
showed liquid phase immiscibilities during the attempt to cast the ingots. During
fusion 2 liquid sich in boron floated in the melt. Near the boltom of the same ingot
the volume fraction of second phase detected was noliceably less. This was
because the solute rich phase flocculated near the top of the ingot during fusion.
Since the telt spinning process requires a homogeneous liquid, these alloys were
not melt spuo.

ingots of copper-zirconium-boron and copper-titanium-boron showed a
uniform distnbution of second phase partides before melt spinning. These alloys
were melt spun. The as cast microstructures of the ribbons obtained are shown in
figure IV.3. Columnar grains with coarse diboride particles either uniformly
distributed (TiB; in figure IV.3.a) or floating on the top surface of the ribbon (Z1B; in
figure IV.3.b) were observed. The size and distribution of these particles suggested
that before casting, the boride phase was undissolved. At the motnent of ejection,
where the temperature was kept near 1500°C, {this value is approximate because
the temperature was not monitored during the meit spinning process, cf.
seclion 3.2, page 31} the melt consisted of a suspension of boride particles in kquid
copper. Titanium and zirconiutn diboride particles proved therefore to be hardly
soluble in copper near 1300°C. Furthermore, the analysis of the volume fraction of
second phase particles present in the as cast state suggested that the extent of solid
solution extension of the diborides in these ribbons was negligible. The limited
volume fraction of useful dispersoid made these alloys uninteresting for further
study. .

Transverse optical microstructures of ribbons of copper-boron and
copper-yttrium-boron before and afler heat treatrment are shown in figure IV.4. The
as casl microslructures were sensiiive to boron concentration, but were
uninfluenced by the presence of yitrium as a ternary additon. For ribbons with
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boron contents above 3 2%, a "struciureless zone” {(at this level of examination)
could be seen on the wheel conlact side in one quarter of the total ribban thickness,
The remaining thickness of the ribbon, for both the dtlute and concentrated boron
atloys, consisted of columnar gralns, extending to 1he 1op of the dilute ribbons
{figure 1V.4.a) and close 10 the top of the concentrated ones (figure IV.4.b). For melt
spun ribbons with high boron contents, the top region was characierized by an
equiaxed microstruciure. Because of its rather small and irregular nature, no
particular study of Its structure or stability was carried out.

Figure IV.3 Optical mictostructure of as cast copper-zicconium diboride (a) and
ugmum diboride {b) ribbons melt s pg at 26 l‘nS‘T The melt ejection
{emperaiure was dose o 1500°C, however, due to the Insolubility of
the diborides the volume fraction of soluble boride was limited, as can
be is‘een by the coarse distribution of particles throughout the ribbon ot

on its surface.

Casting the binary Cu-B2.7 @19% alloy al speeds ranging from 11 10 43 ms-!
showed a transition In the microstructure obiained. Oplical examination of the as
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casl stale showed no second phase particles for ribbons cast at speeds above
20 ms-1. The microstruciure consisted of columnar grains approximately 1 um in
widih extending throughout the sibbon (hickness as in figure IV.4.a. Casling the
same alioy at slower speeds resulted in a coarset struciure with boron particles
uniformly distributed within copper grains 3-5 pm in size (figure IV.4.¢).

Figure IV.4 Optical micrographs of transverse sections in copper-boron and
copper-yitrfum-boron ribbons casll at differen[ s?ee s or after heat
treatment. {(a) As cast Cu-B2.7 3%, 43 ms-!1, the microstructure
consisted of colurmnar 7gr ins, (b) Struclureless. colurqnar and eqlfiaxed
zones of as casl Cu-B7.3 9%, 43 ms-1 (¢) Cu-B2.7 39, 11 ms™*, the
as cast microstructure containetil boron-rich particles. {(d) As cast
Cu-Y0.23 al9s B5.66 319, 36 ms-!, similar zones are found as in (b'ﬂ.
(Micror::;lna)rker in {c) represents 20 pm, othet microgtaphs have the
same scale.
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Eigure IV.4 (Continued? After heai treatment (800°C, 30 min) Cu-B2.7 31% (e) and
Cu-B7.3 295 () large boron cthtals appeared preferentially near the
wheel comact side. Grain growth was slower and the number density
the boron a&lais less for the Cu-Y0.23 8% B5.66 3% ribbons, heat
lreatment {g) 800°C, 30 min and (h) 24h.

After annealing for 30 min, ribbons containing boron spun al 43 and 36 ms-1
in the temperalure range of 300-700°C exhibited no observable change in
micrastructure. At higher lemperalures larde boron crystals appeared (figure
IV.4.e.f, g and h). Rapid growlh of these particles followed. Their number was
noted to be far geeater In the binary alloys than ihe iernary yttrium-containing
compositions for similar concentrations of boron. ¥Yirium addition appeared o
decrease the number density of boron particles. In the case of copper-boron
ribbons, the appearance of these crystals was followed by copper gratn growth in
the vicinity of the patticle. Figure IV.5 shows a scanning electron micrograph (back
scaitered electron contrast) of a heat trealed Cu-B2.7 #% ribbon. Copper grain
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growth occuired tn the regions surrounding the large boron parlicle, resulting from a
depletion of grain boundary pinning particles. At a certaln distance from the large
particle no growth ocourred and the grain size remained constant. No such localized
copper grain growth was observed in the yttrium-containing alloys, possibly due 1o
the existence of a second more stable grain boundary pinning phase (figure IV.4.g4
and h). For all the boron-rich ribbons, there is a dear tendency for crystal formation
preferentially in the near wheel zone (figure IV.5.1). This is less evident in the ternary
alloys because of the much smaller number density of crystals (figure 1V.4.8).

In summary the rapid solidification of boron-rich ribbons was characterized by
the total absence of microstructural change on anneallng unill a certain
time-temperature Ureatment {s aitained. Therealler microstructural breakdown of the
rapidly solidified state occurred. This was demonstrated by the appearance and
rapid growth of boron-rich crystals near the wheel side of the ribbon, resulting tn

- general microstructural coarsening and leading lo the breakdown of the rapidly
solidified state. Both the time before the appearance of the first boron crystal as well
as the rate at which the breakdown occurred were of interest, since these
paramelers determined the microstructural stabillty of the rapidiy solidified state.

As described in section 3.7.1, page 36, the size of a boron crystal was
determined from the diameter of the circle encompassing the particle. The size
distribution, surface area fraction {(equal to volume fraction) and planar number
density of the boron partides were measured for each of the heat reated samples.
Inttially the voluine fraction of particles increased eventuaily reaching the predicted
values as determined by the composition {4vol% and 1.5v0l% for the Cu-B7.3 3l9%
and Cu-B2.7 #% ribbons, respectively). Upon further annealing, the size of the
crystals increased by coarsening, the volume fraclion remalning constant. The
volume size distribution was obtained from the nummber of parlicles per unit area
and the planar size distribution, using the Schwariz-Saltykov maihematical
treatment [122). Figure IV.6 shows both the planar and volume size distributions of
boron particles obtalned In the Cu-Y(.23 3% B5.66 319 ribbon. For the states
shown, the volume fraction of crystalline boron was increasing. During this period
the volume size distdbution was narrow, and approached a monosized distnbution.
For small paricle sizes, the volume number density was negligible, which
suggested that the formation of these crystals was not a continuous process, as
would be expected by classlcal nucleation, precipitation and growth. The density of
particles remained invariant during this initial period where the volume fraction of
boron particles increased, indicating that most of the boron particles appeared
sitnultaneously and grew ai the same rate. Therefore, if viewed in three dimensions
and not as a metallographic sectlon, all the particles would have approximately the
same size during this transient period. For this reason the particle size recorded for
each heal Wreated slale was the maximum diameter of the encompassing circle
found in each sample.



Figure IV.5 Scannl eleciron micrograph (back scattered electrons) of a
Cu-BZ.?gﬂ‘% ribbon heat lrgeal?ad at 750°C for 30 min. Coppet grain
growth can be clearly seen around each boron crysial.

The influence of casting speed on the number of crystals forming upon heat
treatment in the binary Cu-B 2.721% ribbons 1s shown {n figure IV.7. The range of
speeds used gave ribbons of thicknesses varying from 120 pm at 11 ms-t 1o 30 pm
at 43 ms-1. For wheel speeds abave 20 ms-1, the ribbons exhibited, upon heat
treatmen, the microstructural instability described eaddier. In view of the constant
volurme number density of boron particles during the period of transformation, only
one heat treatmen( was needed to determine the number density of crystals at each
casting speed. A beat treatment of 750°C for 22 min was chosen. The volume
fraction of boron particles observed after this heat treatment was less than expected
for 2.7 39 boron in all the ribbons, since the transformation was incomplete, At
very low casting speeds (11 ms 1) boron-rich particles could be seen in the as cast
state and no microstnictural instability was observed upon heal treatment. At faster
quench rates, the number densfty of boron crystals increased with fncreasing
casting speed. Since all the boron particles had the same growlh rate, Increasing the
number of particles decreased the lime for transformation. This, in consequence,
decreased the thermal stability of the rapidiy solidified state.
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Eigure.lV.6Planar anF volume distribulions of boron particles ia the
Cu-Y0.23 8195 B5.66 81% ribbon. The volume size distributions wete
obtained by the Schwariz-Saltykov methad.

Due to the smaller number denslity of crystals which appear after agding in the
Cu-Y0.23 3% BS.66 31% ribbon, the transformation occurred at a slower rate
relalive to the binary alloy (142 h and 30 min at 750°C for iotal transfarmation for
the Cu-Y0.23 219 B5.66 2'% and the Cu-B7.3 1% ribbons respectively). The growth
of the large boron crystals Is shown in figure IV.8 where the estimated iime, g,
necessary (o lransform all the boron of the afloy into large crystals Is given. It is
clear that this time inlervai ts a measure of the thermal slability of the
baron-contatning alloys and is much sharter In the binary than in the ternary ribban.
For this reason the rate of growth of the crystaliine boron phase during the perdad of
increasing volume fraction was studied in the yitrium-containing alloy.

After tolal transformation, the coarsening of the boron crystals was also
studied. This was carried out in the binaty Cu-B7.3 9% ribbon spun at 43 mg-1
where the number of crystals was higher, permitiing betier quantification of the
coarsening rate. Figure IV.8 shows the growth of these particles during both the
transient pesiod of variable increasing fraction and the coarsening stage where the
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volume fraction of boron particles was constant. The passage from one stage 1o the
next is indicated by E. The addition of ylirium decreased the number density of
beron particles formed on heat treatment. The time of iransformatlon was
noticeably Increased, improving the overall stability of the material.
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Eigure IV.7 Variation of volume number density of boron crﬁslals‘} with caslm
speed in heat treated (750°C for 22min) Cu-B2.7 2'%. The
ggglber density at 11 ms-! is due to preexisting boron particles in the

on

Copper-nickel-boron ribbons were cast at 36 ms-1. The optical microstructures
of the as cast state consisted of columnar grains, one micron fn width, extending
from the wheel to the free surface, as shown in figure IV.9. Upon heat treatment,
and depending on the composition, efther a) a uniform distribution of fine botide
particles was found (figure IV.9.b), (for alloys close o a nickel : boron ratio of 3:1)
or, b} a bimodal distribution of particles consisting of fine boride particles similar to
the latter, and coarse boron particles as observed in the binary copper-boron
ribbons after heat treatment (for ribbons where the nickel to boron rato was less
than 3:1), were found (figure IV.9.c). The phases observed after heat trealment
were in agreement with the ternary copper-nickel-boron isctherm established by
Lugscheider [120] where boron and NigB were found to be in equilibrium with
copper in the copper comer of the temary diagram.
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Figure [V.8 Varation of size, ®,,,.,. of the boron crystals as a funcuon of tjme or
different heat treatrhents In Cu-B7.3 @ 9ri¥and Cu Y0.23 {
ribbons. % is the estimated time when the Lransformalion of boron inlo
large crystals is completed.

4.2 Mechanlcgl propetties

Melt spun ribbons produced as described in section 3.2, page 30, were
generally of sufficlent quality 1o enable tenslle testing without preliminary
preparation. After 30 min heat treatments in the range 400°C to 800°C, at 100°C
intervals, the flow, maximum stress and elongdalion to failure were determined. The
value of fiow sirength at 0.2% strain was reproducible with an error of
approximalely 2.5%. This reproducibility was assodated with the good duclility and
strong work hardening characteristics of the dilute copper alloys which restrict the
influence of flaws in the ribbon geometry. However, the elongation to failure was
less reproducible, since these values were sensitive 1o such microscopic defects.
The following sections summarize the tensile and microhardness properties of the
boron-free and containing ribbons.

4.2.1 Boron-free alloys

Figure IV.10 shows the evolulion of the fiow strength of binary copper-calcum,
cerium and yttrium ribbons afier 30 min anneals. The concentraied copper-cefium
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and yitrium ribbons having approximately 10 v01% of second phase (deduced from
chemical analysts and the molar volumes of the Intenmelallics) showed no ductility
in the as cast stale and after annealing up to 500°C. At higher temperatures, their
ductility increased. The less concentrated copper-ytiium ribbon {(approximately
5 vel%s of second phase) was ductile in the as cast stale and had a flow stress of
370 MPa. No age hardening within the time ternperature range tested was observed
for ali the sibbons. The concentrated ribbons were characlerized by a rapid drop in
strength when compared to the dilute alloys.

Eigure IV.O Ogﬁca] microstructure of as cast and heat treated copper-nickel-boron
ribbons. (a} As cast Cu-(Ni3B)g g conststing of columnar grains. After
annealing at B00°C for 3(?11'1?11. fine bonde particles appeared (b).
Cu-N11.01 219 B3.05 at% sibbon after annealing at the same
temperature and time showed Ni3B [120] and large boron particles {(c).

The evolution of microhardness with temperalure, for the wheel and the free
sutface of the Cu-Y0.7 2% alloy, melt spun at 43 ms-1, Is shown In figure IV.11.
Slight age hardening afier annealing at 300°C for 30 min Is observed In the rapidly
quenched wheel side. The free surface showed no age hardening and was generally
softer. These measurements confirmed the optical microstructural observations
where It was suggested that possible solid solution extension could be achieved
near the wheel conlact side. The top porlion of the ribbon showed a clearly
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segregated microstructure, which expiains the lower microhardness measurements.
Above 600°C the difference in hardness between the wheel and the ftee surfaces
are fosl. The hardness values decreased rapidly with heal treatment (o leveis
approaching values characleristic of annealed pure copper. Due 10 the similarities in
the evolution of sirength and microsiruciure with temperaiure for ihe
copper-calctum and cerium ribbons to the copper-yttrium ribbons, the iatter was
laken as representative of the other two.
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Fioure 1IV. 10 Flow stfess of copper-calcium, cerium and yltrium ribbons spun at
43 rns-I after ann%%]in for 30 min. The cor‘fcentraled ribbons? were
characterized by a rapid drop in strength.

Figure IV.12 shows the flow strength of copper-zitconium ribbons cast at
36 ms-! after annealing for 30 min. It can be seen thal for all the ribbons age
hardening occurred near 400°C. The increase in as cast slrength with concentration
(215, 310 and 455 MPa for the 0.33 8%, 0.79 3'% and 1.7 819 zirconium ribbons
tespectively) suggested that throughou! the thickness of the ribbon, for a casting
speed of 36 ms-1, a lirited solubility extension of zirconium was possible, the extia
solute being present as second phase particles. The increase in sirength as a result
of predpltation (approximately 175 MPa) was simifar for ail ihe ribbons, suggesting
that sirnilar amounits of supersaturation were achieved. This finding confirmed the
optical microstructural observations which suggested that the extenl of sofid
solution extension of zirconium was limiled o abowi 0.3331% by meh spinning.

The mechanical propetties of the copper-chromium ribbons were charactetized
by strong age hardening. Peak ageing was oblained after annealing
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Eigure 1V.11 Microhardness {load 25 g)of the wheel and free surface after
annealing for 30 min in Cu-Y0.7 4% spun at 43 ms-1. The wheel
contact side shows slight solid solution extension as reflected by the
age hardening peak.

o] — O\,

/ .
6 /0\
o 400 .
= /l/
g o AN
@ . \“"-—-—..__v_
200}
g —.
[T - . -
100} « Sidim —
o Cultl7%
0 'l 'l 1 1 i 'l 'l " I
0 100 200 300 400 500 600 700 800

Tempematwe °C

Figure IV.12 Flow strength of copper-zirconium ribbons after annealing for 30 min.
TPgi ago;ﬂ hardening observed suggests some solid solution extensfon
of zirconium.

at 500°C for 30 min. For the three ribbons the increase in strenglh observed with
annealing temperaiure was accompanied by a decrease in ductility until the peak
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aging lemperature was reached. Further annealing resulted in a decrease In flow
strength coupled with higher work hardening rates and duclilities. The binary alloys
had as cast strengths of 19045 MPa for the Cu-Cr1.85 3% and Cu-Cr2.54 319
ribbons. The cast strength of the Cu-Cr5.0 219% ribbon was higher, being 360 MPa.
On aging to maximum strength, an increase of 305, 345 MPa and 325 MPa was
ohtained for the Cu-Crl.85 2%, Cu.Cr2.54 2196 and Cu Cr5 2% ribbons
respectively. This slrong age hardening suggests that a considerable amount of
chromium was put into solution by rapid solidification. By heat treatment this
excess solute precipitated as a fine dispersion causing the observed increase in
strength. Figure IV.13 shows the varialion of strength with temperature for the three
binary ribbons tested. The gain In strenglh upon aging to peak sirength 1s stmilar,
suggesting that the extent of excess solute trapped for the three ribbons was
comparable. The Cu-Cr1.85 81% and Cu-Cr2.54 319 probably had the chromium in
solid solulion, while the Cu-Cr5 31% ribbon had approximately 2.5 3% of chromium
In solid solutlon, the rest present as second phase parlicles in the as cast state.
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Figurg V.13 Variation of flow stress with annealing ternpetature (30 minj for the
copper-chromium alloys.

Tetnary coppet-chromium-zircontum alloys were studied because of the
possible solid solution extenslon for both the chromium and zirconfum solutes. A
large number of ternary compositions were melt spun al 26 ms-1 in order 10
optimize the mechanical properties wilh respect to chemical composition. The
concentrations of alloying elements ranged from 2-3 3% chromium and
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0.2-1.0 3% zirconium. Only alloys with concenlrations of chromium less than
3 atdg were studied, since eadier studies have shown that the maximum solid
solubility extension of chromium was limited o this value by meit spinning.

Figure IV.14 shows the variation of flow strengih for ternary
copper-chramium-zirconium ribbons containing approximately 2.5 3% chromium
as a function of.zirconium conlent afler 30 min anneals. The flow stress of the as
cast materal increased with zirconium content which suggesled thal not all the
zirconium was put into solid solution, an Increasing amount present in the matrix -
as second phase particles after rapid soflidification. The effect of zirconium on the
age hardening of the binary alloy is clearly seen by the substantial increase in
sirength obtained between the binary alloy and by an addition of approximaiely
0.3 3%, Fusther additions of zifconium showed no further improvement in
properiles. Similar behaviours were observed for other fixed levels of chromfum.
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Elgure {V.14 Variatlon of flow strengths as a funclion of zirconium content ln
ternary coppet-chromium-zirconfum ribbong mell spun at 26 ms-.
The chromiwm content was fixed cose to 2.5 3%, The addition of
small quantities of zirconium (up to 0.3 %) increased the strength of
the afloy, additions above 0.3 2% did not contribute lo further
slrengthening.

The evoluiion of sttength with chromium content at fixed levels of zitconium
was somewhalt different (figure IV.15). For the different concentratfons of chromiutn
no nollceable increase in strength was observed In the as cast state, demonsirating

that all the chromium was in solid solution. Upon annealing the strength of the
dbbons increased with chromium content in 2 monotonic manner. These
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observations showed ihal highest strengths were obtained by melt spinning for
capper-chromium-zircontum compositions close to 0.3 396 zircontum and 2-3 21%
chromium. The kinetics of the evolution of the microstructure of the
Cu-Cr2.2 3195 Zr0.2 319 ribbon was examined in further detall.

800
: g -

Fiow stress (MPa)

05 1,'0 1,'5 2?0 25
Chromium conlent (at.%)

Figure 1V.15 Variation of flow strength as a function of chromium content ln
ternary copPer-chrorrﬁum-zircomum tibbons melt spun at 26 ms™'.
The =zirconium c?ncentration was close to 0.5 3%, Chromium
addilions up 1o 3 39 increased the strength of the alloy.

Because of the interesting properties of rapidly solidified chromium based
ailoys, other ternary additions were made to alloys containing approximately 2 895
chromium. These additions were intended to modify either the predpitation or the
coarsening mechanisms of the alloy as has been done in other precipitation or
dispersion hardeted systems [10-13, 121-124), with a view to understanding theic
effects on thermal stability or strength. Titanium, magnesium and stlicon were
added in concentrations not exceeding 0.3 31%,. These elements were selected
because of their differences in size and electronegalivity with respect to copper. In
order to determine how the extra solute intervened, and If a modification in
behaviour with respect to the binary alloy was observed, the solute concentration
was limited to 0.3 a9, less than the maximum solid solubility of the added element
In copper. These elements are essentally insoluble In chromium. Sillcon was
considered a contro! elemeat, for its difference in electronegativity and size with
respect to copper were negligible. Magnesium, titanium and zirconium are ali
electroposillve with respect 1o copper, magnesium and zirconium being more so
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than Utanfum. Similarly, magnesium, titanium and zirconium have larder atomic
radii than copper, and magnesium and zirconfurn are larger than titanium.

Table IV.1 shows compositions and volume fractions of chromlum in the
ribbons cast as weil as the values of (low strength as a funclion of isochronal
annealing temperatures. The alloys were Intended to have approximately 2 VOI% of
chromium particles. The fluctualions observed are due to experimental vardations
during alloy preparation. In Lhe as cast state Lthe flow strength of all the ribbons was
close lo 200 MPa. On anneallng, the strength increased to a maximum afier heat
treating at 500°C. Further anneallng decreased the flow stress by over aging. The
maximum effect of the solute additions to the binary alloy can be seen near Lhe
peak aged state. Compared to Lhe binary alloy, zirconium and rnagnesium seemed
10 be effective alloying additions, while titanium proved detrimenial to the resuftant
mechanical properties of the rapldly solidified maleral. Silicon addilions did not
seem 1o affect Lhe mechanical properties of the ribbons.

Table 1V.1 Flow strengihs in MPa for the various ternary copper-chromium-metal
. ribbons after 30 min heat treatments,

iyt fv(%) 0[ AS 0 Q o a o
Composition Cr part, | cast 400°C | 500°C| 600°C{ 700°C | 800°C
Crl.8531% 1.91 195 | 335 | S00 | 320 { 170 | 120

Crz2.19-710.18 3% 2.22 230 | 460 | 700 | 500 | 305 | 185
Cr2.44-Mg0.19 895 2.53 205 335 | 670 | 415 | 230 ) 130
Cr2.37-Ti0.06 3% 2.456 205 | 320 | 515 ) 445 | 205 | 135
Cr2.22-Ti0.11 9% 2.30 230 { 275 | 440 | 330 | 190 | 120
Cr2.41-5i0.23 3% 2.50 220 | 320 | 615 | 380 | 225 | 140

4.2.2 Boron-containing alloys

Figure IV.16 shows the eveiulion of microhardness wilh annealing temperature
(30 min) for the wheel and free surfaces of the Cu-B2.7 3% and the Cu-B7.3 %
rlbbons spun at 43 ms-!. The existence of two different microstructures in the
ribbons, as was observed optically, was confinmed by lhese microhardness
measurements. It can be seen that the hardness of Lhe wheel side Is greater at all
temperatures than the free surface hardness. Age hardening occurred after a heat
treatment of 30 min at 300°C, which suggesied that boron supersaturalion was
achieved particularly on the wheel contact side of the ribbon. Hardening was much
more pronounced in the concentrated Cu-B7.3 3% ribbon. This difference in
hardening observed between Lhe concentrated and dilite alloys would suggest that
the solid soiubility of boron was extended 1o above 3 3%, After peak aging above
400°C the microhardness feli as the age hardening effect was lost, The hardness
thereafter remained steady up to 700°C where a final drop occurred. This drop
corresponded with the appearance of Lhe large boron crystals which coarsened
resulting in the breakdown of the rapldiy solidified microstruciure.
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Figure JV.16 Variation of rmcrohar ness Ioad 15 5) with annealing temperaiure for

the binary Cu-B2 Cu-B7.3 3% ribbons spun at 43 ms
Tho? wheel side rmcrohardness is substantially greater than lhe free
suriace.

The variation of peak hardness wilh casting speed Is given in figure IV.17 for
the Cu-B2.7 8% ribbon. As shown by the drop in peak hardness with decreasing
wheel speeds the faster quench rates increased the concentration of boron put into
solid solution. Both the number density of crysials (figure IV.7) as well as the extenl
of solubility extension increases with increasing wheel speed, suggesting that the
number of boron crystals formed during the microstructural instability is directty
related to the extent of solid solulion extension in the wheel contact side of the
nibban,

The mechanical properties of the copper-boron and coppet-ytitium-boron
alloys spun at 36 ms-1 are compared in figure IV.18. Peak aging is less clearly
visible by lensile tesling as compared to local microhardness measuremenis. This
was probably due to the narrow zone over which lhe solid solution exlersion
occurred. In addition the tensile tested samples were annealed at higher
temperatures where the samples were over gged. Ternary boron-rich ribbons
relained their good mechanical properties up to high temperaiures, while the
strength of the binary ribbons fell significanily after anneals above 700°C.

Figure 1V.19 shows the evolution of the flow strength of the
Cu-Y0.18 219 B2.3 3l ribbon after annealing. In companson with all the other
ribbons of this study, the drop in strength with annealing ime at 700 and 800°C is
less. Anneals for several hours at 900°C are necessary to bring the Initial strength
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from approximately 500 MPa down to 200 MPa. As cast, the ribbon has a flow
strength which ts comparable to the concenlrated copper-baron alloy. For this
tibbon, as for other boron-rich ribbons, several hours at 600°C or minutes at
800°C, led to the appearance of crystalline boron particles. As a result of thelr rapid
growth, a drop In strength was observed. However, further anneaitng was not
followed by a continuous decrease in strength as in the case of the binary alloys.
The retained sirength was probabiy caused by yitrlum-rich dispersions which
coarsened slowiy (this hypothesis Is confirrned by microstruciural observations
presented iater). In the as cast state the strength observed can therefore be
ailributed to a combination of the role of both the metastable boron and the
yitrium-rich particles. After anneaiing, lhe drop in strength results from the
iransformation of the metastable boron to large paricles which have little
strengthening effect. However, because of the existence of a stable yitrium-rich
disperston, the strength of the ribbon decreased slowly theteailer. The as cast
strengths are markedly influenced by the addition of small quantities of yttriurn. For
smaller concentrations of boron the mechanical properties of
Cu-Y0.18 2% B2.3 1% are comparabie to the concentrated Cu-87.34 3% ribbon.

This was only valid for boron-rich compasitions (figure IV.18). In contrast,

300

=
I
bt L]
2
e
T 200
‘5 -
L
o | :
L
£
'I 3
@ 00
LI}
¥y
Lo
>
o L et N ' L " L '
10 15 20 25 an 35 a0 a5

Wheel speed (my/s)

Figure IV.17 Wheel side microhardness (load 1S g) afler peak aging of Cu-B2.7 3%
ribbons as a funclion of casling speged. Thg hardﬁg'le?sg decreases with
slowet casling speeds, as the extent of sofid solution extension of
boron Is decreased.
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Figure 1V.18 Fiow strenglh of copper-boron and coprper-ytlrium-boron ribbons
spun at 36 ms-1"as a function o annealin% temperature
(5)0 min).Cu-Y0.6 3% B 0.681% ribbons were only tested in the as
cast state and at 600, 700 and 800°C.
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Figure V.19 Flow strength of Cu-Y0.18 319 B2.3 81% ribbon after isothermal
annealing. The stability of the rapidly solidified microstructure can
cleariy be seen.
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for yitrium-rich alloys, where the ratio of yttrium Lo boron was approximalely 1:f a
conlinuous decrease In strength with annealing lemperature was observed (figure
IV.18). When compared 1o the other ribbons, this ribbon behaves in a similar
manner lo lthe binary copper-ytirium ribbans where the sirenglh monotonically
decreased 10 sitnilar values afler heat treatmeni.

Figure 1V.20 illusiraies lhe mechanical behaviour of some of the
copper-nickel-boron termary ribbons after isochronal annealing. The as casl strength
varies with the concentration of NigB and Is dose fo 850 MPa for a volume fraction
of 13 volgg NI3B phase in the Cu-(Ni3B), alloy and drops down to 300 MPa for a
volume fraction of 2 ¥21% Ni5B phase in the Cu-(NizB)g ¢ fibbon. No age hardening
was observed for the concentraled atioys, however the small hardening peak
abserved for the Cu(Ni3B)q g ribbon afler annealing at 500°C suggested siight
solubility extension of nickel and baron. For the concentraled alloys the strength of
the malerial began 10 drop after heat treatments above 400°C. The rate of dedline in
strength was grealer in the concentrated ribbons.
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Figure IV.20 Evolution of flow siress of various Cu-Ni3B ribbons afler 30 min
anneals. The ieasl concentrated of the ribbons showed slight a%e
hardening. All the alloys reached low values of strength after 700 o

B800°C anneals.
4.3 TEM mi t

Transmisston electron micrascopy was widely used io characlerize lhe initial
rapidly sotidified microstruclure, dislocation density and nature of second phase
parlicles presenl as wefl as ithe microsiructural changes which occurred during
annegaling. Invesligallons were generally carried oul by TEM at mid ribbon
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thickness. For ribbons showing optically distinct wheel and free surface zones, the
differenl portions of the ribbon were electrolyticaliy thinned and the struclural
characleristics of each zone determined. The alloys chosen for examination were
the copper-chromium, ytitiurn and zirconium and copper-chromium-metal, the
copper-boron and copper-yttrium-boron compositions. The followlng seclions
surnmarize the resulis obtained by TEM observations of the boron-free and
boron-conlalning ribbons.

4.3.1 Boron-fiee alloys.

TEM studies were carried out on Cu-Cr1.85 3% ribbons melt spun at different
wheel speeds, Cu-Zr0.33 al% ribbon spun at 36 ms-1, several lernary
Cu-Cr2 31%-X0.3 3% alloys (where X=Zr, Ti, Mg, and SI) spun at 26 ms-!, and
finally on binary Cu-Y0.7 #9% ribbon casl at 43 ms-1.

Figure IV.21 shows the microsiructure of as cast Cu-Cr1.85 3% rapidiy
solidified ai dilferent quench rates. Above wheel speeds of 16 ms*! chromium
solule Is essentially in solid solution with a small volume fraction of chromium
particles decorating the grain boundaries. For (hese different casling conditions, very
small differences in grain size were observed lhe grain size being 1-2 purn. Al
quench rates lower than the casting speed of 16 ms-1, chromium particles were
present, either uniformly distribuled throughout the inlerior of the grains with srnall
particle-free zones at the grain boundaries (as {n the ribbons spun at 8 ms-, figure
IV.21.¢) or arranged in a ceflular manner (Ggure IV.21.d, for ribbons spun at the
slower speed of 6 ms-1). For the ribbon casl at 26 ms-! no second phase particles
were detected eilher within the grains or along lhe grain boundaries. A few
randomly orlenled dislocalions were seen, with no tendency to form a cell
struciure. Using various diffraction veclors in order to avold possible invisibifities of
sorne dislocations, and estimalting their lotal length In thick areas of lhe foil the
dislocation density in the as cast slale was estimated as 5x1013 m-2. Deiated
analysis of the kinelics of particle coarsening was carried oul on this ribbon by
prolonged isolhermal heat trealment and quantification of chromium particle size.
During coarsening of the chromium particles In the Cu-Crl.85 at% ribbon spin al
26 ms-1, parlicle free zones were found on either side of grain boundaries. These
zones were found lo increase in size, as the annealing time Increased (figure IV.21.e
and f).

Figure IV.22 shows ihe TEM observations of the microstruclures in as cast
Cu-2r0.33 at% alloy mell spun at 36 ms-1, and the change after heal ireatment.
Near the wheel side of the ribbon (figure IV.22.a) no second phase particles were
present, showing thal a supersaturation of 0.33 at% zirconjum was achieved n this
rapldly quenched region of the ribbon. The average grain size was approxirmalely
0.5um. In the middie and top porlion of the rbbon, the grain size was



Figure V.21 As casl microstructure of the middle of Cu-Cr1.85 3% ribbons cast qt
different wheel speeds. For wheel splbeeds of 16 ms-1 (a) and 26 ms-
the excess omiurin solule is in solid solution. At wheel speeds
of 8 ms-! (¢} and 6 ms-} (d) chromium-rich particles are found.

noticeably larger. The grains contalned zirconium-rich particles 40 nm in size
arranged In a cellular manner (Nigure IV.22.b). The grain boundaries were also
found to be decorated with similar particles. Precipitation and growth of the
zirconium particles in the wheel side occurred upon heat treatment and after 30 min
at 500°C, the particles 8 nm in size, were oriented along spedfic crysiallographic
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directions, as can be seen in figure IV.22.c. In the middle of the ribbon, the
zirconium-rich particles also grew with heat treaiment. Figure IV.22.d shows the
typical lenticular shape the particles adopted. After 30 min at 600°C the
zirconiume-rich pariicies found in the grains increased to a diameter of 70 nm. The
grain boundary patticdes were also found to coarsen.

Eigure IV.2 1 (Conunued) {e) and {f) particle free zones present after annealing were
found to grow with i.im?a (26 ms-1, 600° Cplh (e) and 3 days (D).

Optically, no microstructural differences could be observed between the various
temary copper-chrormium-metal ribbons. TEM observations of the as cast structures
of the middle portion of these ribbons showed marked differences for some of the
additions, mainly titanium and zirconium. The magnesium and silicon-containing
temary atfoys were similar o the binary copper-chromium alloy and all the solutes
were in solid solution for these cases, as would be expecied since magnesium and
silicon were In amounts inferior 1o their equilibtium solid solubilities in copper.
Figure V.23 shows the as cast microstructure of the silicon, titanlum, and though
the concentration of litanium was far less than its equifibfum solid solubility
(approximately 1 #% at 500°C {21]) the titanium-contalning ribbon had a fine
distribution of titanium-rich particles, uniformly distributed within the grain interiors.
Figures IV.23.b and ¢ show bright and dark field TEM micrographs of the as cast
microstructure of the litanium-containing alloy. The dark field image was taken
using one of the titanium-rich particle diffracted beams. These fine parlicles,
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Figure IV.22 As cast and heat treated microstructure of the wheel and middle
portions of Cu-Zr0.33 3'% ribbon. The wheel side (a) was
particle-free, while the middle portion (b) contained copper-zirconium
intermetailic particles arranded in a ceflular manner. After heat
treatment {c, wheel side 30 min 500°C, d, middle 30 min 600°C)
precipitation and/or growth of the zirconium-rich particles occutred.

5-10 nm in size, were exlracted and their structure analyzed by electron diffraction.
Their structure was identified as that of distorted tetragonai TiQ3.
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Figure IV. 23 As cast microstructure of the middle portion of siicon (az, titanium (b
and ¢) and zirconium {(d) contauur;gbcopper-c hromium ribbons cast at
26 ms-1, The titanium-containing ribbon had TiO5 particles uniformly
distributed within the matrbx. thure (c) is a centéred dark field imade
using one of the patticle refieclions.

The distortion of the tetragonal crystal structure might have been caused by either
copper or chromium substitution in the TiO, crystal. The analysis of the diffraction
patterns is given in paragraph 4.3.3.1.



Figure V.24 Microstructural changes of Cu-Crl1.85 2% ribbon spun at 8 ms-!
annealed al 500°C. '[%e as cast ribbon (a) contained chromium-rich
particles uniformly distributed within the grains, leaving small
particle-free zones around the grain boundaries. After a heat reatment
of 30 min a uniform predpiiation of chromium particles was observed
ib). Both particle distribulions coarsened with Turther heat treatment

c-24h) and eventually the small particles disappeared after 96 h (d).

Upon annealing, precipitatlon of the excess chromium solute occurred in all the
chromium-containing ribbons. For the ailoys spun at speeds less than 16 ms-1,
where an inillal distribution of chromium particles was preseni, a
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Figure IV.25 Evoiution at 500°C of the effective radius of coarsening and volume
interparticle sgadng of both the small and large chromium particles in

the Cu-Crl.85 4% ribbon spun at 8 ms-1.

bimodal distribution of particies resulted. Figure IV.24 shows the evolution of the
microstructure upon isothermal annealing at 500°C of the alloy spun at 8 ms-1. A
fine and uniform distribution of particles initially precipitated from the chromium in
solid solution. On further annealing coarsening of the microstructure caused a rise
int the size and spacing of both the fine precipitated, and coarse previously existing
particles. Because of their size, the coarsening of the large chromium patticles was
minlmal at S00°C as shown by the virtuaily flat evolution
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Figure IV.26 Microstructure of annealed copper-chromium and coppe:-
chromium-metal ribbons showing d?lFereni chromium mog:ho opies.
chromium-containing ribbons after gcak gﬁing S500°C, 30 min La)
had small and near sgherlcal pariicles. er 8 h at 600°C the
chromium particles in the binary Cu Cr 1.8521% ribbon (b) adopted
theff cigar shaped morphology. The zirconium (¢} and titanium 'j:i}
e

additfons had strong effects on the projected aspect ratio of
particles, heat lreatments were the same as (b).

(figure IV.285). For a lixed volume fraciion, the distance over which each particle
may influence its neighbour would be related to its size and its nearest neighbour
distance cf, section 5.3.2, p. 138. As the spacing of the small particles Increased as
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Figure IV.27 Evolution of size and projected aspect ratio of chromium particles with
heat treatment. The effect of titanium and zirconium on the aspect
ratic can clearly be seen in (a). The increase In the effective radius of
coarsening, foq, at 600°C for the chromium particles was found to be
fli;?ilar for the lElanIum, magnesium and zirconium-containing tibbons

a result of coarsening, the coarsening process changes from being controtied by the
compelition between the smafi, to a competilion between the small and the large
particles. This change occurs when the sphere of influence of the small particles
overlaps wilh that of the larger particles. As a result the small particles disappear.
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Eigure 1V.27 (Continued) Coarsentng of the chromium particles at different
temperatures is lilustrale in figure gg:) and (d) lfor the Cu-Cr2.22 al%
260 18 lal% and the Cu-Crl, ribbons respectively, spun at

ms-

The evolulion of size and volume interpatticle spacing of small and the large
chromium particles in the bimodali distribution is shown in figure 1V.25. The spacing
was direcliy calculated from TEM micrographs by counting the niumber of particles
in a given volumne, after estimating the foil thickness.
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Annealing the binary alloys spun at speeds above 16 ms-1 where the
chromium solute was in solid sotution resudted in coplous precipitation. No marked
difference in the size or the distribution of pariicles was observed at the end of
precipitation (determined by peak aging: 30 min at 500°C). This suggested that ihe
rate of precipitation for the different binary ribbons spun at 43, 36, 26 and 16 ms-1
was more or less identical. The quench rate had therefote title effect on the 1aie of
predpitation of ihe excess chromium in solid solution. When heat ireated to peak
sirength all the alloys examined had similar near-spherical precipitate morphologies
as Mustrated in figure IV.26.a for the binary alioy spun ai 26 ms-1. Further
annealing caused gradual coarsening of the microstruciure, the chromium parlicles
adopted their typical dgar shaped morphology, previously observed by several
authors [125, 126). Figute IV.26.b,c and d show the precipitate size and
maoiphology afier a heat treatrnent of 48 h at 600°C. The dgar shaped morphology
of the chromium partcles is clearly seen for the binary afloy as weli as the
zirconlum and titanium-containing ribbons. Sirmilar morphologies to those of the
binary alloy were observed in magnesium and silicon-contalning ribbons. However,
noticeable differences in projected aspect ratio of the chromium particles were
noted between the zirconium (figure IV.26.¢) and the tftanium-containing (figure
IV.26.d) ritbons. Zirconjurn addition tended to decrease the projected aspect railo
of the chromium particles bringing it close to unity, while titanium addttion
enhanced the longitudinal growth of these particles increasing the average projected
aspect ralio to above 3 after prolonged heat treatment. Magnesium and silicon
additions did not appredatly influence the shape. Their influence on the evolution
of ihe projected aspect ralio on annealing at 600°C was similar to that of the binary
ribbon. Figure IV.27 summarizes the size and projected aspect ratio of the
chromium particles in the various ribbons after heat treairnent. The zirconium-rich
phase found in ihe as cast zirconium-conteining ribbons was found to coarsen; a
large perceniage of these particles was then found at the grain boundaries. Figures
IV.27.b,c and d show the variation of the effective radius of coarsening, refy, of the
chromium particles with time at different temperatures, and with different alloying
additions. Ribbons with additions of zitconium, ttanium or magnesium have similar
growth behaviour at 600°C as shown in figure IV.27.b. Figure IV.27.c shows the
growth of the chromium particles in the temary copper-chromium-zirconium ribbon
at 600 and 700°C. The coarsening of the chromdurn particles in the Cu Cr1.85 at%
ribbon spun at 26 ms-1 at 500, 600, 700 and 750°C is ilfustrated in figure IV.27.d.
As can be seen by comparing figures 1V.27.c and d, the growth rate of the
chromiumn particles was unaffected by the presence of a second solute.



FEigure [V.28 TEM myjcrostructure of copper 0.7 at% ytitturn ribbons_meil spun at
43 msm{ As cast stale {a), ggd after annealing for 1 h at 700°C (b).

The microstructures of the as cast and heat treated Cu-Y¥0.7 2% ribbons spun
at 43 ms-1 are shown in figure IV.28. The middle, columnar portion of the as cast
ribbon consisted of grains 0.5 im in size. Nearly spherical yiitum-rich particles,
approximaiely 23 nm in size, were found uniformly disidibuted within ihe grains
and along the grain boundaries. The dislocation density in the as cast state was
estimated as 8x1014 m-2, In comparison with the binary copper-chtomium alioy
spun aft 26 ms-1 this densily was higher, The presence of particies pinning
dislocations in the yttrium-containing ribbon as well as the faster casting speed
could explain the difference observed. In the case of the binary chromium ribbon,
no particles were present to pin the disiocations formed due to thermai stresses
during solidificalion as well as those formed duwing the impact of the ribbon with
the chamber wall during melt spinning. giving the possibility of the dislocations to
annthilaie. The lack of supplementary precipitation in the copper-ytirlum tibbon
during annealing confitmed thal no significani solution extension occurred; this is
consistent with the absence of age hardening as seen by microhardness and tensile
fesling, suggesling thai the solubility of the ytirdum was not exiended above its
maximum equilibrium value of iess than 0.04 9% {23]. With heal reatment the
microstruciure coarsened. The grain boundary particles present in lthe as cast
material quickly coalesced. The rapid coarsening of these particles beraled the
copper gralns fiorn thelr pinning obstacles, resuiting in rapid grain growth. After 1h
a1 700°C the grain size increased to 1.5 pm. No yittium-rich particles were found
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igure [V.27 Evolulion of size and projected aspect ratio of chromium partides with
heat reatmeni. The effect of tilanium and zirconium on the aspect
ralio can clearly be seen in (a), The increase in the effective radlus of
coarsening, re[E. at 600°C for the chromium particles was found to be
Estijr)nilar for the titanium, magnesium and zirconium-containing ribbons

a result of coarsening, the coarsening process changes from being controlled by the
compelition between the small, 1o a competiion between the small and (he large
panicles. This change occurs when the sphere of influence of the small particles
overlaps with that of the Targer particles, As a result the small particles disappear.
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Figure iV.27 (Continued) Coarsening of the chromlum Parlicles at different
temperatures is iliustrated In f%rre 92’:} and (d) lor the Cu-Cr2.22 81%
42'3%0.1818‘% and the Cu-Crl.85 a1% ribbons respectively, spun at

ms-1i,

The evolution of size and volume Interparticle spacing of small and the large
chromium paricles in the bimodal distribution is shown in figure IV.25. The spacing

was direcliy calcuiated from TEM micrographs by counting the number of particies
in a given volume, afler estimaling the foil thickness.
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Anneating the binary ailoys spun at speeds above 16 ms-1 where the
chromium solule was in solid solution resulted in copious precipitation. No marked
difference in the size or the distribution of particies was observed al the end of
precipitation (determined by peak aging: 30 min at 500°C). This suggested that the
rate of precipitation for the different binary ribbons spun at 43, 36, 26 and i6 ms-!
was mare of iess identical. The quench rate had therefore liitle effect on the rate of
precipitation of the excess chromium in solid solution. When heat treated to peak
strenglh ail the alloys examnined had similar near-spherical precipitale morphologies
as iflusirated in figure TV.26.2 for the bipary alloy spun ai 26 ms-1. Further
annealing caused gradual coarsening of the mictoslruciure, the chromium particles
adopted their typical cigar shaped morphology, previously observed by several
authors [125, i26]. Figure IV.26.b,c and d show the precipitale size and
morphology alter a heat treatment of 48 h at 600°C. The cigar shaped morphology
of the chromium particles is clearly seen for the binary alloy as well as lhe
zirconium and titanium-contalning tibbons. Similar morphologies to those of the
binary alloy were observed in magnesium and silicon-conlaining ribbons. However,
noticeabie differences In projected aspect ratio of the chromium particles were
noted between the zirconium (figure IV.26.¢) and Lhe titanium-containing (figure
IV.26.d) ribbons. Zirconium addition tended to decrease the projected aspect ratio
of the chromium particles bringing it close io unity, while titanium addition
enhanced the longitudinal growth of these particles increasing the average projecied
aspect ratio 10 above 3 after prolonged heat trealment. Magnesium and silicon
additions did not appreciably influence the shape. Their influence on the evoiution
of the projected aspect ratio on annealing at 600°C was similar 1o that of the binary
ribbon. Figure V.27 summarizes the size and projected aspect ratio of the
chromium particles in the various ribbons after heat treatment. The zirconium-rich
phase found in the as cast zirconium-containing ribbons was found to coarsen; a
farge percentage of these particles was then found at the grain boundaries. Figures
IV.27.b.c and d show the variation of the effective radius of coarsening, 14}, of Lhe
chromium particles with time at different temperatures, and wilth different alfoying
additions. Ribbons with additions of zircontum, titanium or magnestum have simifar
growth behaviour at 600°C as shown in figure IV.27.b. Figure IV.27.¢ shows the
growth of the chromium particles in the ternary copper-chromium-zirconium ribbon
at 600 and 700°C. The coarsening of the chromium particles in the Cu Cri .85 at%
ribbon spun at 26 ms-t at 500, 600, 700 and 750°C is ilustrated in figure IV.27.d.
As can be seen by comparing figures IV.27.c and d, the drowtih rale of the
chromium particles was unaffected by the presence of a second solute.



Eigure IV.28 TEM microstructure of copper 0.7 319 yitrium ribbons mell spun at
43 ms-1. As cast state (a), ];gd after anne%ling for 1 hat 700°C (b).

The microstructures of the as cast and heat ireated Cu-Y0.7 8% ribbons spun
at 43 ms-1 are shown in figure IV.28. The middle, colurnnar portion of the as cast
ribbon consisted of grains 0.5 pum in size. Nearly spherical ytirium-richi parlicles,
approximately 23 nm in size, were found uniformly distributed within the grains
and atong the grain boundaries. The dislocation density in the as cast state was
estinated as 8x1014 m-2. In comparison with the binary copper-chromium alloy
spun at 26 ms-) this density was higher. The presence of particles pinning
dislocations in the yttrium-containing ribbon as weil as the faster casting speed
could explain the difference observed. In the case of the binary chromium ribbon,
no particles were present 10 pin the dislocations formed due to thermal siresses
during solidification as well as those formed during the impact of the ribbon with
the chamber wall during melt spinning, giving the possibility of the dislocations to
annthilate. The lack of supplementary predpitation in the copper-ytirium dbben
during annealing confirmed that no significant solution extension accurred; this is
consistent with the absence of age hardening as seen by microhardness and tensiie
testing, sugdesting that the solubillty of the yitriumn was not extended above its
maximum equilibiium value of less than 0.04 3% [23]. With heal treatment the
microstructure coarsened. The grain boundary particles present in the as cast
material quickly coalesced. The rapid coarsening of these particles liberated the
copper grains from their pinning obstacles, resulting in rapid grain growth, After 11
at 700°C the grain size increased to 1.5 pm. No yitrium-rich particles were found
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alang the grain boundarles, only large copper-yitrium intermetallic grains formed
resulting in a duplex microstructure. These grains could be seen as eiched out
partions in the thin foil since, as described in paragraph 3.6.1, efectrolylic lhinning
conditions ihat could simultaneously electropolish the copper matrix as well as the
yitrium-tich phase were nal found. Smaller yitrium-rich parlicles were found in the
middle of the copper grains. These parlicles coarsened at a rate similar to that
observed for {he chromium particles in the binary and temary chromium-containing
ribbons. Figure IV.29 filustrates their growth at different temperatures.
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Figure IV.29 Evolution of the size of yitrium-rich particles at different temperatures.
4.3.2 Boron-containing qlloys.

The TEM microstructures of the centre of the copper-boron and
copper-yitrium-boron ribbons before and after heal treatmeni are shown In figure
IV.30. The as cast structure consisted of grains 1 pm In size for the Cu-B2.7 at%
alloy and 0.4 pm for the concentrated Cu-B7.3 39% ribbon. Boron-rich parlicles,
25 nm in size, decorated the grain and solidificalion cell boundaries. The cell size
was 0.3 and 0.2 um for the iwa allays respeclively. There was no evidence of
boran precipitation within the cell Interiors, nelther In the as casi state, nor afler
annealing. It can therefore be considered that the solubility of boron throughout the
ribbon thickness (with the exception of a narrow wheei contact zone) was hardiy
extended above its equilibrium value (figure [V.30.a).




Figure [V.30 TEM micrographs of the centre of the as cast and heat lreated bina
and ternary fi)bbons. {a) As cast Cu-B7.3 3% ribbon showlﬁ
amorphous boron-rich particles in a solidiflcation cell structure. (b}
cast Cu-Y0,18 3% B2.3 41% ribbon, the structure consisted of
amorphous boron and yttrium-rich particles. Heat treated for 30 min
at 800°C (¢) the binary alloy consisted of large crystalline boron grains
arrow) surrounded by boron-free copper grains. After 168 h at 850°C
d) ihe YBg parlicles In the ternary alloy coarsened slowly.

During 1ilt experiments on the small boron particles decorating the solidification
cell walls, the padicles never changed contrast as expected for a noncrystailine
phase. Microdiflraction analyses on these small particles (figure [V.31) condicmed
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the amorphous nature of these parficles; the amoarphous rings are weak due 1o the
small scattertng faclor of boron.

Figure [V.31 As casi Cu-B7.3 9% ribbon. Microdiflraction on the small amarphous
boaron particles. Electron beamn diameter is 30 nm. P

Thin folis of the wheel conlact area of the binary ribbons showed different
microstruciures. Figure IV.32 shows the as cast microstructure of the wheel side of
both the Cu-B2.7 3l% and Cu-B7.3 3% ribbons spun at 43 ms-1. The less
concentraied alloy consisied of grains 0.5 pm in size wilth no boron segregation or
large particles, only a uniform fine coherenl precipitation, suggesting thal the
solubility of boron had been extended to aboul alloy cornposition. The wheel
conlact stde of the concentrated Cu B7.3 2% ribbon ("structureless”™ when observed
oplicaliy) consisted of microcrystals 50 nm in size with some amotphous boron
parlicles at iriple points. The extent of solid solution extension within this region
was difficult to estimate.

TEM observations of the middie of lthe boron-rich ribbons showed no
measurable change in microstruciure on annealing 10 ime temperature treatments
equivalent to 700°C for 30 min. This invariance of microsiructwe confirmed the
mechanical testing and oplical observalions described earlier, where similarly no
change occurred. Further anneallng at higher termperatures or for longer times
provoked the onset of the microstruciural instability described earlier. Large boron
arystals surrounded by copper graing depleted of their small amorphous baron-rich
particles were observed. The dissolulion of the amorphous phase at the expense of
the cryslalline phase removed the pinning obstacles to grain boundary motion,
which resulted in copper grain growth in the neighbourhood of the crystalline boron
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phase (figure IV.5). Al a sufficient distance from the boron crystal, the amorphous
particles were still found and no growth was observed. The crystalline nature of the
large boron phase was confirmed by till experiments where diffraction analysis
allowed identification of the crystal struclute as B-thombohedral boron. Details of
the analysis are given in paragraph 4.3.3.2.

Eigure IV.32 TEM microgt a hs of the wheel conlact area of both the Cu B7.3 al%
(a) and Cu-B2.7 % (b) ribbons mell spun al 42 ms-1.

Analysis of the transformation of amorphous to crystalline boron was carried
oul on two alloys, initially qualitatively on the Cu-82.7 3% and Cu-B7.3 41% ribbons
spun at 42 ms-! and subsequently quantitalively on the Cu-Y0.23 8% BS5.66 2%
fibbon spun at 36 ms-1, As shown in 1able IV.2 and described in section 4.1.2,
page 48, the number denstty of crystaliine pacticles in the Cu-¥0.23 2195 B5.66 1%
ribbon was far less than in lhe binary ribbons. As a result, the time required 1o
reach lotal transformation of the amorphous parlicles was longer {figure [V.8). Fos
expetimental convenlence, the quantificalion of the lransformation of Lhe
amorphous to crystalline boron was carried out on the ternary ylirium-conlaining,
boron-rich ribbon. Table IV.2 shows the evolution In size of both the amorphous
and crystalline particles in the binary and iernaty ribbons. Before the onset of the
microstructural instability (f.e. the appearance of the firsl boron crystals) it Is clearly
shown thal for \he binary alloys the amorphous particles do nol coarsen in any
appreclable manner. Because of their invariance in size, as observed in the binary
alloy, the average size of the amorphous particles were not measured in the lernary
ribbon during this transient period. Growilh of the crystalline boron parlicles near the
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wheel contact side decreased slowly ihe volume fraction of amorphous particles as
boron was transferred ffom one phase io the other. As the volume fraclion of
crystalline boron increased, the average size of the amorphous particles can be seen
io decrease. This is explained by ihe decreasing proportion of amorphous particles,
which ate uninfluenced by ihe presence of the crystaline phase as the size of the
falier increases with time, and an increasing proportion of the measured population
of parlicles being particles thal are dissolving.

Iable 1V.2Number and size of amorphbous and crystalline boron pariicles
s howing the influence of annealing reatments

amorphous crysialline
volume | Part. Part. |volume| Part. Pari,
Alloy Siate fraction | size | densily ] fraction | size {density
£%) | (am) | (x1021)] £,(%) | (pm) | (x1012)
{nrd (nr3
Cu-B7.33i9, | as cast 3.6 2614 39 0 0 0
600°C 3h 2.6 2215 3.9 0 0 0
6h 36 26+4 4.0 Q 0 0
23h 1.2 -] 184 4.4 1 6.5 280
60h 0.7 1614 3.0 2 9.0 260
700°C 2.9 2415 4.1 0 Q 4]
Smin
10min 3.1 2614 3.8 0 0 0
15min 2.3 2115 4.5 0 0 0
20min 2.1 2444 3.5 0 0 0
40min 2.0 2214 34 1 3.6 900
Cu-B2.7al95 1 As cast 1.4 2634 1.5 0 0 0
600°C 6h 1.2 2644 1.3 0 0 0
Cu-Y0.23at95|  750°C 0.i6 7.6 46
B5.66aie, 30min
6h 0.97 20.1 34
87h 2.4 31.9 33
800°C 025 10.5 56
20min _
1h 1.02 16.8 59
24h 2.6 21.7 56

Yitrium-containing copper-boron ribbons showed a solldification cell structure
finer (60-80 nm) ihan ihe binary ribbons, with a graln size of approximalely 1 pm
for the Cu-Y0.18 3% B2.3 3% ribbon (figure IV.30.c) and of 0.5 pm for the
Cu-Y0.23 31% B5.66 3% ribbon. Boron and yitrium-rich particles 15 nm in size
were found decorating the solidification cell walls and grain boundaries. The .
boron-rich particles within the boundaries were identified as the amorphous phase
as found in Lhe binary ribbons, Within the cells, fine precipitation of a yitrium-rich
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phase in the as casi state of either copper-yitrium intermetallic or a yitrium botide
phase was also found. The crystallographic analysis of these particles was difficult
because of thelr small size (2 nm). Based on the disiribution and size, precipitation
of these yttdum-tich particles was belfeved to have taken place after solidification,
during the secondary cooling of the ribbon.
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Figure [V.33 ggarse{ﬂng of YBg particles in Cu Y0.18 8% B2.3 21% spun at
ms-1,

After heat treatment the microstructure of the copper-yiirium-boron ribbons
coarsened slowly. The ytirium-rich particles preseni after annealing were
crysiallographically analyzed as cublc YBg; the analysis of this phase is given in
paragraph 4.3.3.3. Only crystalline YBg and B-rhombohedral boron particles were
identified in annealed samples. Accounting for the totat boron content distributed
between the boride particles and the free boron, volume fraction measurements of
each phase {aking a molar volume of boron as 4.6x10-6 m3mol-! and YBg as
4.14210°5 m3mol-t {127), the stoichiometry of the boride as YBg was confirmed.
The predse nature of the yttirdum intracellular precipilation presemni before annealing
remains uncertaln and may have been YBg ot a copper-yitrium intermetallic. No
amorphous boron particles were observed after prolonged heal itreaiment
suggesting that the amorphous particles wete perhaps resorbed by crystalline
boron, as in the case of the binary alioys. Altematively, they were possibly
-consumed by the formation of supplemeniary YBg parlicles after reaction with the
initially predpiiated ytidum-rich phase, !f \hese precipitated particles were
copper-yttium inlermetailics.
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Contrary to the binary alloys no grain growth occurred during annealing In the
areas depleied of amorphotts boron, due to stable ¥YBg particles which planed the
grain boundaries. After the initial transformations (amorphous to crysialline boron
and transformation of the predpilated yutrium-rich phase to YBg), a stable volume
fraclion of YBg pariicles, approximalely 1VY°i% and 1.5v0i% for ihe
Cu Y0.18 2t9% B2.3 2% and the Cu-Y0.23 219 B5.66 4% ribbons was measured.
Coarsening of cryslalline boron particles in the temary ribbons followed the same
rate as in the binary. Figure IV.33 jllusirates the evolution of the average size of YBg
particles afier different isothermal anneals. The coarsening rale of the YBg particles
was extremely slow.

4.3.3 Electron diffraction analysis
3.3, 1 Titanly xide

No slable ternaty Cu-Cr-T{ compound has been reporied and Lherefore only
binary chromium-titanium or copper-tilanium compounds were considered as
possible phases. Due to possible oxygen contamination, stable oxides of titanium or
chromium may form. However, since no chromium oxide was detected in the
binary copper-chromium ribbons, it is improbable (hat this oxide should form in
this lemary alloy.

Copper-rich titanium intermetallic phases likely to form are either CuyTi or
Cus Tl Three polymorphs of CryTi have also been identified. These phases are the
only intermelallics known lo exist in ithe binary chromium-titanium or
copper-titanium systems {21]. If oxygen comtamination was considered, the stable
oxide possible in the ternary copper-chromium-litanium system would be TiO,.
Several polymortphs of TiO; have been reporled, the two siable slructures belng
tetragonal rutile (high ternperature) and anatase (low temperature) [128]. Alf other
oxides of litanium eilher decompose at elevaled lemperalure or have an energy of
formation inferor o TiO, and are therefore less probable to form.

Figure V.34 shows the selected area diffraction patterns oblained from small
titanlum-rich particles exlracled onto a replica from the as casl
Cu-~Cr2.22 at9T{0.11 219% dbbon. The angles between the differen( zone axes
obtained experimentaliy are shown. Due to the symmetry of the diffraction pattems,
irictinic, monoclinle, hexagonal and rhombohedral siruclures can be direcily
eliminaled. The 4-fold symmelry of zone (1) as well as the angular relationship
belween the different axes would sugdest a near cubic siruclure. Tetragonal or
orihorhombic struclures, with their lattice paramelers simifar tn size could also be
possible. If the diffraciion paltern (1) is indexed as {001] zone axis, zone (5) can be
indexed as [011), with the (200) or the (100), depending on the indexing of zone
(1), reflection missing. The cubic space group proposed Is 143d. or the primitive
P23, both incompalible with all possible phases.
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Crystal structures based on a tetragonal or orihothombic Bravais lattice, where
the lattice parameters are near cubic can be considered instead. By rapid
sofidification one can envisage the substitulion of atems within ihe letragonal
structure causing a disieriion such that the latlice parameiers become simtiar. A
space group thai would be compatibie with the observed diffraction pattems, as
well as the extinctions observed, is the P4,/ mnm. TiO5 (rutile) has this symmetry.
Compuier simulaied diffracifon patterns of the TiO5 slructure have shown a close
resembiance between the simulated and the experimentally obtained patteras.

e e—— [007] i

Ejgggm!.ym.aﬂ Selected area diffraction paitems of the titanium-rich phase found n
?g Oaksvt;ast Cu-Cr2.22 al%%o.n al% ribbon (camera le%glh: 770mm,

If a slight varlation in the latlice parameter of copper occurs, due to solid
solution extension, the interplanar spacings of the two structures would be alike, for
example (111)¢=(211)g0, and (200)¢,=(220)p,. It is concluded that the
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lilanjum-rich phase observed in the as cast Cu-Cr2.22 a%TiD.11 3% ribbon was a
distoried letragonai tilanium oxide. Distotlion could be the result of subsliiulion of
copper of cheomium in the struclure.

433, i ~

Figure TV.35 shows ihe selecled area diffraclion pallemns as weli as the Lilt
angles belween ihe differenl zone axes oblained from one crystal. Eight different
polymorphs of boron are known 1o exlst [128): ihree lelragonal, two
rhombohedral, one orthothombic, one hexagonal and one cublc. Two copper
borides have also been identified [129-131]. Since their structure is identical to the
B-rthombohedral phase, they were consldered as rhombohedral boron phases with
some copper In solid solution as descrlbed by Higashi et al. [132] Comparison of
the experimental diffraction paitems with the compuler generated ones narfowed
the choice of posslble struclutes down to two phases: Lhe teleagonal and
B-rhombohedral phases having P4, and, R3m space groups. Comparing the {ifi
angles between the zone axes of the iwo structures with the values obtained
experimentally was a confitmation thai the struciure of the boron crystal was
B-rhombohedral boron.

Eigure [V.35 Selected area figures of diffracllon of ihe slalline boron phase
oblained afier agnealing the rapidly so]idiﬁeg\éopper-boron rigbons
(camera lengih: 1450mm, 1001-:%).



Besufls page-06-

4.3.3.3 Yttrium hexaboride.

Figure IV.36 shows the different axes obtained as well as the angies between
them. The symmetry observed and angles of 45 and 55° between zone (1) and
zones (2) and (3) respectively sugdest a cublc structure. Structures based on known
copper-ytifium and ytifdum-boron phases were tested for compatibility with the
observed diffraction patterns. Cu,Y, Cug¥ and CugY [133-135). have hexagonal
structures and hence were not further considered. Due to the relatively high affinity
of both boron and yltrdum to oxygen, possible contamination of the alloy by oxygen
and thereby forming an oxide was envisaged. It Is quite unprobable that the oxide
of boron, By03, would form since the oxide was not detected in binary
copper-boron ribbons. The oxide of ytirium, Y505 having a cubic structure was
however considered. Because of the very large difference in lattice parameter
between the ¥,03 phase and the measured lattice parameters from the diffraction
patterns, this oxide was eliminated.

Eigure IV.36 Selected area dﬂfrachon atterns obtained from the ytirium-rich phase
after anneali h} the rapi solidiﬁed copper-yitrium-boton
ribbon (camera ength 770mm, 120k
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Taking the the crystal structure as cubic, the three zone axes could be direcity
indexed as: (1) [001], (2) [0T1} and (3) [111] with a lauice parameler of
0.40540.05 ;mun. This corresponds within experimental error {o the cubic
hexaboride of yltrium.



CHAPTER &5

Discussion and
Interpretation of
Results
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The previous chapler presenied the thermal stability and mechanical property
results of rapidly solidified copper alloys. The examinaiion of these alloys and
darification of ihe mechanisms which determine thermal stability and strength were
ihe main objectives af this study. Alloys were selecied for sludy where minimal
effects of salule additions on conductivity were expected. It was necessary to obtain
a sufficieni volume fraction of finely dispersed second phase particles, precipiiated
of preexisting, for efficient dispersion strengthening.

Anliclpaling an evenival industrial interest In hot consolidation of rapidly
salidified material, lhe evolution of the microstructure with temperaiure was of
pariicular concern. Twe mictostructural systems were siudied:
precipitation-sirengthened and microsegregated, dispersold-hardened alloys. In the
former, allaying elements were selected for solid solution extension by rapid
solidification. Care is needed on healing the rapldiy solidified maierial, since the
advanlages of rapid salidification could be lost during high temperature ireaiments.
1t was observed thal the maximum sirength of precipilation-strengthened alloys was
far higher than that of microsegregated dispersion-hasdened alloys. However, the
thermal stability of the microsegregaied dispersoid-strengthened materials was in
same cases greater, e.g. boron-rich copper-yitrium-baoren ribbons. Such stability
was of great interest since eventual consolidation would be easier. The nature of the
strengthening phase, the casting conditions and the chemical composition were all
of prime importance in conirolling the stabllity and strength of the rapidly solidified
materials.

The following sections discuss and inierpret these results. The rapidly solidified
micrastruclures obtained after melt spinning will be Intecpreied followed by an
evaluation of the criteria of solubility extension. The effect of heat treatment on the
mechanical properties as well as the reasons for the various microstructural changes
and ihe observed thermal slabifiies wilf be discussed in detail.

1 interprefation microstiuct iute d tion

Based on conductivity, solubility and diffusivity criteria (independently fram the
rapidly solidified microstruciure oblained) it was suggested in section 2.2 that
solutes such as calcium, cerium, chromium, niobium, yirium and zirconium would
be interesting alloying additions to explore with respect io predpltalion hardening.
Ternary copper-meial-boron sysiems were also envisaged as microsegregated
dispersion hardened alloys.

The dispersion of second phase particles may be the result of precipitation
from a supersaturated solid matrix or microsegregation during lhe rapid
solidification of the alloy. If sufficleni supersaiuration Is oblained by rapid
solidification, particles resuliing from precipitation are more finely and more
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uniformiy distribuled than the particles obtained from microsegregation. Solubility
extension by means of rapid solidilication was therefore preferred.

Section 5.1.1 deals with the mechanistns leading to the as cast microstructures
obtained after melt spinning. In section 5.1.2 the solule distribution in these
microstructures will be related to models to predict extenslon of solubility. The
thermodynamic Wmitations of dispersoid formatlon of microsegregated
dispersold-hardened materials will be presented in section 5.1.3.

5.1.1 Interpretation of the miciostiucture of as cast ibbons

The microstruciures observed at different points through the thickness of the
ribbon are the result of competitive growth, the mode of solidification and of
thermal and momentum transfer conditions established during melt spinning
(109, 138, 137]. Changes In solidification rate are indicative of growih at different
undercoolings which tesult in microsiructure variations. These varlalfons are
provoked by recalescence which may not be iotally suppressed during the melt
spinning process.

Solidification {ntttally took place by heterogeneous nucleation of the heavily
undercooled melt on the wheel surface of the ribbon {138). Depending on the
wheel speed ot undercooling, planar front growth, or cellular sofidification of
columnar grains followed. The transition from the fine equiaxed grains of the chill
zone 1o columnar growth, If the solidification mode is unaliered, is the result of
competitive crystal growth. Crystals with unfavorable growth orlentation are
overtaken by rapidly growing columnar grains having more favorable growth
otfentation. In this study this was confirmed by TEM observations. All the grains
observed in thin foils taken from the centre of the ribbon thickness had their <100>
directions paralie! 1o the foll normal.

The inclination of the columnar grains observed in some ribbons can be
explained by lhe dominance of either momentum [139] or thermal {140-142])
transfer mechanisms during ribbon formation. If momentum transfer conditions
prevail, ribbon thickness is determined by the drag of the mell puddle provoked by
the rotating wheel. Solidiflcation 1s independent of ribbon thickness and occurs
further downstream from ihe mell puddle. If ribbon formation Is heat transfer
controlied, solidification occurs within the melt puddle and the ribbon thickness is
the result of growth of the solid within the puddle. In this case the inclinatton of the
columnar grains back towards the melt puddle is due to the indination of ihe
crystal/melt Interface during solidification. This in tum depends on the wheel surface
velocity, u, and growth velocity, V, as shown in figure V.1 by Blank et af. [23].
Inclinatton of the gralns towards the melt poal was observed in ribbons with smail
solidilication Infervals such as the coppet-chromium alloys (figure IV.1). Under
these conditions heat transfer dominates ribbon formation. If the alloy melt has a
large solidificaion interval, viscosity gradients within the puddie are less steep and
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solidification occurs o a grealer exient outside the melt puddle, momentum iransfer
conditions dominate ribbon formation. In the latter case a slower solidification
results allowing the melt to be dragged {i.e. longer contact length). The resultant
columnar grain morphology is more or less vertical as In ihe concenirated
copper-boron, the copper-calcium, -cerium, -ytirdum, and -zirconium ribbons
(figuresIV.2 and 4)

u = wheel speed

moften jet | V = solldification growih veloctty

lorge equiaxed grains
ek the top sirface

o !
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Figure V.1 Schematic dlaFram of the crystalilzation ptocess duting meit spinning
according to Blank et al. [23]

At fow wheel speeds or undercoolings, solidification occurred by celiular
calumnar growth for all alloys with small solidification inlervais, as for the
copper-chromium ribbons spun at 6 and 8 ms-), figures IV.1 and IV.20. In cases
where the solidification Interval was larde, equlaxed grains were found almost
throughoui the ibbon thickness as exemplified by the transverse microstructure of
the copper-boron ribbon spun at 11 ms-!, These iendencles are shown
schematically in figure V.2. The figures represent tendencies In ribbbon
microstructural changes with increasing afloy content and increasing wheel speed or
ease of solubility extension. Shaded areas represent parts where segregation was
observed. At high solidificatfon rates, characteristic of large undercoolings, solid
solution columnar grains were observed for alloys with small solidification intervals
as for copper-chromium ribbons spun at above 16 ms-1, figure IV.1. In cases
where 1he sofidification interval was large, solubllity extension was limited to ihe
wheel contact side of the ribbon. Above this zone, ceflular columnar growth took
place (figure V.2.¢) as in dilute Cu-B ribbons (figure IV.4). For ribbons with
maoderately large solidification intervals the columnar grains extended to the top
suiface of the ribbon as for the dilute copper-boron or copper-ytitium-boron alloys
spun at 43 ms-1, figure IV.4. For very latge solidification intervals like the
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conceniraled copper-boson, copper-calcium, -yttrium and -zirconium ribbons, a top
equiaxed dendrilic zone was observed, figure V.2.¢ and f, as in figure IV.2.

InCreagse in solute content -

9]
o

[

Q@

Increase in wheel speed or eose of solubiiity extension s

«Q

Figure V.2 Schematic diagrams of the evolution of the as cast ribbon
microstructures. Horizontally the figures represent microsiructures with
lncreaslng solule content and; verlcally downwards, microstructures
resulting from increasing wheel speed or fiom decreasing solidification
interval, The shaded areas represent segregalion.
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The chromium-conlaining alloys were characlerized by smali solidification
intervals. Their 1ibbon grain struclures, figure IV.1, were stmilar o
figures V.2.a, b and ¢, and depended on chromium concentration and casting
speed. Therrnal transfer conditions dominated ribbon formation and columnar grain
growth was suffidienlly raptd to avoid the nucleation and growth of equiaxed grains
in the melt above the moving solid fiquid interface.

Because of the larger solidificaion intervals of the copper-caldum, -cerium,
-yttrium and -zirconium ribbons, ribbon formation was momentum and not heat
transfer controlled. This resulted in growth of straight cellular columnar geains and in
crysiallization of the liquid above the solid originaling from the wheel surface
producing segregated equiaxed grains on the ribbon top surfaces, figure IV.2, with
microstructures similar 1o figures V.2.¢, d e and {. Increasing the solute conteat
decreased the size of the wheel contact zone where solute trapping occurred. This is
explained by the increase of undercooling necessary for partiioniess solidification
with solute content (c.£, section 5.1.2.2 and 5.1.2.3). This also refined the cellular
columnar zone and increased the size and refined the structure of the dendritic
equiaxed lop zone 2s in the copper-yiirium ribbons (figure IV.2).

The evolution of grain structure in boron containing ribbons, figure IV.4, was
similar to that in figures V.2.c and d. Al high wheel speeds and low boron
concentrations the fbbons consisted of a narrow equiaxed grain structure where
solubility exlensions occurred at ihe wheel side. Columnar cellular growth
throughout the rest of the tibbon thickness exhibited no deteciable solubility
extensfon. At high wheel speeds and solute concentralions, a large zone of
equiaxed crystals 50 nm in size followed by a cellular columnar and a small top
layer of equiaxed dendritic grains was observed (figure V.2.d and IV.4.b). in these
ribbons the wheel conlact zone was relatively thick with respect 1o the grain size. A
large portion of the melt was therefore sufliciently undercooled permitling coptous
nucleation, resulting in a fine grain size. With large undercooling and the fact that
these grains are not limited to the wheel surface (encouraging helerogeneous
nucleation) homogeneous nucleation. of these grains could be possible. Boron is
known (o decrease crysial growth rates in copper alloys as described by
Willnecker et al. [143]. The combination of slow growth and high nudleation rates
resuited in the fine wheel side structure obtained. Transition to columnar cefiular
growth in the middle of the ribbon occurred during recalescence where, as in other
ribbons, grains having favorable <100> orfentations predominated. (Competitive
growth results in a transition from equiaxed 1o columnar, while recalesence and
compelitive growth resulted in the modification of the grain morphology and
solidification mode.) The slow growth of the columnar grains In the presence of
boron enabled the nucleation and growth of equiaxed grains on the iop surface of
the ribbon. This explains the third narrow top surface structure observed in the
Cu-B7.3 a1% ribbon (figure IV.4.b). It couid also be seen that the size of each zane
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was dependant on the wheel speed. At low casting speeds the iop surface structure
dominated, while at high velocities, the boltom wheel side struclure prevailed. This
is clearly undersiood from the relalive undercocling oblained in each section of each
ribbon. At Jow undercoolings (low wheel speeds) nudeation on the top surface,
either caused by impuriiles ot smail crystal cdusters dominates (broken off from the
growing soild due to convection in the melt puddle) since growth is independent
from the heat transfer through the ribbon thickness. While at high undercoolings,
columnar growth reaches the top surface before nucleation occurs in the liquid
above the moving colummnar graln interface.

.2 Ia) billty extenslon ] | 1 rdenin
alloys

Soiubility extenston is dependent on the compelitive nature of phase selection
during rapid solidification. It Is necessary to suppress nucleation and growth of the
equilibrium Interrnedlale phases In favoue of the formation of a metastable solid
solution. The prediction of such metasiable crystaillne solid soluilens depends on
ailoy chemistry, the thermodynamics of solid solution formation and the kinetics
during rapid solidification. The following account deals with these ihree aspects for
the solules used In this study.

£.1.2.1 Alloy chemistry

The use of Datken-Gurry plots, based on electranegativity and atamnic size
differences, in predicting the extent of solid sclubility have demonstrated some
accuracy for many systemns [144]. More recenily, plols based on AH;, the heat of
solution, calculated from the semiempirical Miedema theory for the enthalpy of
solutfon of disordered alioys, and, 1y, the atomic Wigner-Seltz radius, have been
more predictable for solld solubilittes {145-147). Figure V.3 shows such a plot for
copper as a solute according 1o Alonso et al. [148). The A, values in 1his plol are
calculated for equiatomic solid solutlons of solute and copper. The dashed contour
piotted by the authors separates the insoluble elements (maximum sclid salubility
less thaa 1 %) from the scluble. It is important to note (hat these predictions are
not infallible, many exceptions exist, as antimony, lroq, ifdium, silver and tin which
should be withia the boundary. However, these representations may be used for
the prediction of some trends in alloy chemistry.

The dashed contour is shifted towards negative values of AH. The solubliity
regiott is bounded verticaily by the size mismalch which contributes to the heat of
solutfon with a repuisive (positive in value) term and corresponds lo the size rule
proposed by Hume-Rothery [144). The shilt in equilibrium soiublilty boundary
towards negative AH, values may be explained by the favorable situaifon in having
a negative AHg which glves a larger negailve free energy change of the solid
solution. If AH; Is positive, the free energy change in the formation of a saiid
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solution becomes less negative. Depending on the magnitude of a positive AHg the
result can be positive free energies of solution which lead 1o insolubility of the
solute. The contour is, however, bounded to the lefl because very large negative
heats of solution, suggesting intermetallic and not solid solution formation.

Based on this and previous studies an extra contour, larger in size, was drawn
on the original figure of Alonso et al. (148]. It connects elements that have shown
melastable solid solution extensions up to 3 2l% by melt splaning, notably
chromium, cobalt, iron, magnesium tin and ttanium. Bearing in mind the
predictibility of this theory, within this second contour, other elements such as
boron, cadmium, niobium and vanadium are found which would suggdest that these
solutes might demonstrate solubility extenslons by rapid solidification.

Calcium, cerium and yiirium are situated far away from the solubility
boundary. The combination of their large negative heats of solution, suggesting that
the intermeiallic phase was hard to suppress, and their large size difference made
solubility exteaslon by rapid solidification difficult. The predicted solubility extension
could only be small as was confitmmed experimentally. The present experimental
observations showed that ribbons spun at the fastest casting speed had only slight
extension In solubility within the narrow zone at the wheel contact side where the
undercooling was greatest. The rest of the ribbon contained second phase particles,
which confirmed the above predicilons that solutes with large differences in
chemical nature are unsuitable for solubility extension by rapid solidification.
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Eigure V.3 WiFner-Seitz'radlus of the solute against the heat of solution calculated
using the Miedema semiempirical relation caiculated by Alonso et al.
(148)]. The broken curve encloses lh? saluble elements {maximum
equillbrium solubility in excess of 1 21%) in copper. The solid curve
encloses some of the elements where possible solubility extensions
above 3 3% may be observed by rapid solidification. )
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27 i it r paditiont licdificati

Figure V.4 shows equilibrium phase diagrams of the copper-chromium and
copper-yttrium systems [6, 21]. The T, line is drawn, based on equation 2 of
sectlon 2.2.3.1, page 18. For ithe copper-chromium system up io lhe eutectic
cornposition the undercodlings necessary Lo atlalin the T, line are smali. This would
suggest that It {s easy lo extend solubility by rapld solidification such that the kinetic
partition ceefficent tends towards unity. An undercodling of 2.5 K is necessary for
the eulectic compaosition, at 1.56 3% chromium. However, for hypereutectic
mixtures, due to a very steep liquidus afier the eulecilc composition, the
undercooling increases rapidiy. Extrapolation of the above data to a cancentration of
5 alg chromium shows that the undercooling necessary is above 200 K. Such
undercooling 1s difficult 1o tealize throughout the whole of the ribbon thickness
under standard melt spinning conditions, but may be obtalned near the wheel
coniact side of the ribbon (cff section 5.1.1, page 93). These observations explain
why a limit of approximately 2.5 3% chromium supersaturation was observed by
melt spinning chromfum-conlaining alloys.

Far the copper-yiirium system, figure V.4.b shows that the T, line drops
rapidly as the concentration of the alloy increases. For the copper-calcium, -cerium,
and -zirconlum systems, simitarly plunging T, lines are found. The undercooling
necessary for partitfonless solldification increases very rapidly with camposition.
This i1s In agreement with the present experimental observations where slight
solubility exiensions were attained only in the heavily undercocled wheel contact
zone of the ribbons.

3 Kingt f solidification

In section 2.2.3.3 it was shown that (he value of (5 " can be used to assess
the ease of solubi[iw extension by rapid solidification. Table V.t shows the
estimated Co for differeni binary copper alloys where T', the Glbbs-Thomscn
caefficient, was taken as 1.5x10-7 Km for pure copper [143]. The interatomic jump
distance, a, was taken as 0.5x10-9 m. An iterative calculation of V, in order to
determine Co b with the kinetic term of k, (V) was not carried out. C0 " was
calculated wilh a constant equilibriurn partition coefficient.

In table V.1 il is suggested that chromlum and niobium are more easlly inio
solution by rapid solidification ihan ihe other solules. In the preseni study the ease
of chromium solubility extension was confirmed experimentally. 1t is to be noted
that no capper-niobium afioy was rapidly solidified in this study because af the
difficulty In producing non-contaminated ingots (section 4.1.1, page 41},
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Table V.1 quullibrlum partition coefficienl, liguidus slope and Cco" " of various
solules in copper.
Element Equi. part. coef., | liquidus slope, m CEM [at9]
k(-] [K/a%6]
Boron 0.12 5.3 0.93
Calcium {0.019 -16.6 (0.0)
Cerium 0.01 -23.2 0.002
Chromium 0.57 -5.3 427
Hafnium 0.003 -22.5 1.2%10-4
Niobium 0.5 -20 7.5
Yitriurn 0.004 -22.0 2.2x10-1
Zirconium 0.02 -20 006

For the copper-chromium alloy, the cf,“ " calculated was 42.7 al%, suggesting
thal the observed solid solution extension for all the copper-chromiurmn alloys cast al
fast melt spinning rates occurred by growth at absolute siability. However, 1he
solubllity extension of chromium was limited to 2-3 at%, total solubility exiension
was not observed for hypereutectic ribbons containing 5 1% chromium. Two
teasons can explain this sftuation: (a) the Cf;.m' caleulation considers only coppet as
primary phase, and; (b} the very sleep rise in (he liquidus afier the eutectic point
calts for very large undercoolings 1o suppress the formation of primary chromium.
This resulls in the formalon of primary chromiumn particles during niell spinning
. 171

Since C%m' determines lhe concentration above which solubllity exlension
occuts by solute trapping it would be interesting to estimate the average inletface
velocity during the melt spinning process and compare it wilh the value of V,. Wilh
the assumption that the final ribbon thickness Is determined by the growth of the
sofid as long as the solidifying ribbon is in contact with the wheel (ribbon formation
Is primarily heat transfer conuclled), the average inlerface velocity during mell
spinning can be estimated. If a contact length of 5 mm®* is taken, a wheel speed of
43 ms-! and a ribbon thickness of 30 um, the average interface velocity is
eslimaled to be 0.3 ms-1. As was shown by Liebermann et al. [142), the inlerface
velodity varies constderably between the wheel contacl portion and the free surface
of the ribbon. This sugdests that the value of 0.3 ms-1 is an underestimale al the
wheel slde, and an over estimale al Lhe free surface of the ribbon. This was also
confirmed in this study by the variation in the solidificalion struclures abserved. For
example in the copper-ytidum and dilute copper-boron ribbons solule trapping

YValues in curved brackels represent no detectable solubility in the solid state.
*This length was estimated from video films of the meli spinning process.
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occurred near the wheel side and celfular columnar growth was found in the middie
portion of the ribbon, evidencing different solidification rales.

If solule diffusivily in the liquid ai the melting point is taken as 5x10-9 m<s-1
[149] and a,, is approximated as 0.5 nm, Lhe value of V, is calculated as 10 ms-1.
Since for ribbons cast in this study, the average interface velodity was estimated as
0.3 ms-1 this would suggesl thal for some syslems, the local Interface velocity
mighl have reached the value of V| in the highly undercooled wheel conlact zone of
the ribbons. Solubility exlension by parlitionless solidification with an inlerface
velocily close to V; mighl have \herefore occurred in calcium, cesium, yltrium and
zirconium-containing alloys where the solute concentration was higher than C0
Through the rest of the ribbon, the undercoolings were Insufficlent to atlain V, ,
leading 1o the absence of any delectable solubllity extension in the middle or lop
portions of the ribbons,

If a ceflular atrangeiment of the particles Is cbserved, il Is understandable thal
this arrangerment is the result of cellular or dendiitic growth during solidification.
However, if the particles are arranged in a non-celiular manner, for 1he alloys
studied, thls may be the result of: a) primary solidification from the melt due lo a
hypereutectic composition of the alloy as in the Cu-CrS5 al% ribbons, or; b)in
hypoeulectic composilions where there are 1wo possiblilities; firsi, as a resull of
precipitation of the second phase during secondary cooling of the rlbbon and
second, as a result of microsegregation where the cellular spacing Is sufficlently
small to allow for a quasi-uniform distiibution of partides.

In cerlain microstructures, for example, the hypoeutectic copper-ytifum
ribbons, it Is inieresting lo sludy the reasons why in the as cas! siale Lhe
microstruclure consisled of a uniform distribution of particles {figure IV.28).
Table V.1 suggested hat rapid solidification would resull in segregation of yttrium
because of its fow Cﬁ, I which would result In cellular or dendritic growth. However,
the second phase particle distribution in the cast ribbon was uniform and not In a
distinct cellular arrangemerntt. To determine whether Lhis distribution was (the resull
of precipilation or microsegregation, the maximum possible particle size resulting
from precipilation during secondary cooling can be estimaied by calculaling the
diffusion distance of the solule during cooling. A similar calculation as that carried
out by Ellls and Michal for copper-chromium-niobium ribbons [42] showed that the
maximum diffusion distance for yitriumn atoms during secondary cooling was
29 nm. This corresponded Lo a maximum precipilated intermelallic particle size of
5.5 nm. Since the actual intermetailic partide radius in ihe as casl ribbon was
23 nm, this analysis suggesls that the parlicles present are nol the resull of
precipliation during secondary cooling bu! of fine segregation during solidification
which confirms the discussions of the previous sections.

The C i for boron was caleulaled as 0.93 at% suggesting 1hal up lo this
conceniralion solid solution extension can be obtained by growth al absolule
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stability. As menlioned eariter growth at absolute stability would occur at higher
concentrations since the (g" b calculated using equilibfium parameters is an under
estimate of the effective (f, if 1he kinetic parameters were to be used. Above this
limiting concentration, partiionless growth occurs. In this study boron solubility
extension was observed for the Cu-B2.7 3% ribbon spun at 43 ms-! in the wheel
contact side of the ribbon. Because the value of (f, was not precisely kaown, i
was difficult to determine whether the solubility extension observed was due 1o
growth al absalute stabllity or by partitionless solidification. In the middle and top
portion of the ribbon, cellular growth without any noticeable solubllity extension
occurred due 1o slower interface velocity. However, the high cooling rate resulted in
the formalion of an amorphous phase from the boron-rich interceflular liquid,
avolding aucleation and growth of the equilibtum cryslalline phase.

1.3 Then mics _of dispersold formation | ict reqgated
ispersion har | 1l

Sectfon 5.1.2 discussed solute rapping leading to supersaturation to obtain
precipitation hardened materlals. In some cases supersaturation was not obtained
but resulted in microsegregation of solute forming cellularly distributed particles in
the saolid. These patticles were consequently larger than what wouid have been
obtained by precipitation and did not have (he required strength after annealing as
shown In Nigures V.10 and 1V.12. Thermodynarnically more stable parlicles are
therefore of greater interest. However, the development of finely distributed stable
particles by rapid solidiflcation poses a thermodynamic fncompatibility. In the
context of Lhis study, thermally stable dispersfons are necessarily insoluble in the
solid state. The formation of an adequate volurne fraction of dispersiot requires thai
the dispersion be suffidently solubfe in the liquid. The cambination of these twa
requiremnents is hard to satisfy.

As observed In Cu-ZrB; and Cu-TiB; ribbons, the solubility of these borides in
liquid copper was negligible. After solidilication, a very small volurne fraction of fine
dispersion was found. The majority of the boride patticles presenl were large
Inclusions tn suspension in liquid copper before casting. Two examples are cited to
demonsirate the formation of dispersold; YBg where approximately 2 vol% of
dispersoid was obtained after rapid solidification, and ZrB; where the volume
fraction of Nnely distributed dispersold in the solid was negligible.

In presence of boron, the heats of solution of both zirconium and yitriumn in
liquid copper must neither be too positive nor {00 negative. Large negative heats of
soludon (with respect to the heat of formation of the boride) would lead 1o the
formation of an intermetallic with copper. This condition is unlikely since the copper
intermelallics encountered in this study are less stable than their metal borides.
Positive heats of selution can result in liquid immisdibiliies. In the presenl work this
situation was encountered with the copper-chromium-baoron, copper-cobalt-boron
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and copper-iron-boron syslems. An explanation of this behaviour can be given
based on the work of Verhoeven and Gibson [150], who observed thal in presence
of an impurity (oxygen in their case) the eutectic reaction in the copper-nicbium
system was modifled to a monotectlc. The flat fiquidus, characierisilc of the
copper-niobium system, Is also found in the copper-chromium, copper-cobalt and
copper-iron phase diagrams and a monotecilc reaction has also been reported by
Siedschlang for the copper-chromium systemn [151]. It may be assumed that in the
presence of boton the free energies of the liquids are modified resulting in large
positlve devialions from ideality, transforming the fiat liquidus into an immiscibility
gap.

In arder to produce a homogeneous fiquid, the value of AH,,, the enthalpy
change on forming the boride from elements in solution should be studied. The
dissolution reaction of the botide can be wrilten as:

MaB[i - oM + B_B. “AHpe, (1)

where a and b are stoichiomelic parameters, B and M respeclively represent boron
and the metal in solution in liquid copper and AH,,, the enthalpy change of the
reactlon. The value of AHp,, cannot be determined direcily, bui can be obtained
knowing the enthalpy of formation, AH[, of the boride from its elements:

oM + BB -MyBg AHy @
and the parlial heals of solution in the liquid AR ., of the elements in copper:
B-B AHE 3
and
M- M AHM (4

from equations 2, 3 and 4, AH,,, of reaction 1 is calculated:
AHpe = AH - OLAI__I:'.M - Bﬁﬁ? (5)

A large negatlve AH,,, would result in a helerogeneous liquid with boride
partides In suspension as in the case of ZrB,. Small negatlve values of AH,,, are
therefore favoured, otherwise the lemperatures necessary 1o dissolve a reasonable
volume fraction of boride would become itnpraclicably high. In order 1o salisfy the
condition of a small negative AH,, in the liquid, both cAH ? and BAH E should be
large and negative. However, in the solid a large negatlve AHy,,, is required 1o
preduce dispersions resislant o coarsening. The dilemma arises fiom the facl that
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in the solid state, AH & and ATl L have 1o be posilive, or at least less negative 10
satisfy the dernand of solid Insolubllity.

Sato and Kleppa determined the partial heat of soiutlon of boron In Hquid
copper to be 7.13 KJmoal-1 for dilute copper mixtures [152]. Due to the lack of
thermodynamic data as weli as the uncertain liquidus lines in the copper-yitrium
and copper-zirconium phase diagrams the enthalpies of mixing of both yttrium and
zirconium In cclpBler could not be obtained. As a first approximation, it can be
assumed thai AH ¢ for both yitriurn and zitconiurn are equal due to the sirnifarity of
the phase refationships. The heats of formation of ZtB, and YBg are respectively
-310 Kmol-1 [75] and -100 KJmoal-1 [127]. Subsliluling the appropriate vaiues into
equation 5, It can be seen (hat the AH,,,, for ZiB, s approximalely three imes
larger than that of ¥YBg. This high negative value of AH,,, for ZiB, explains the
experimental difficulty in dissolving a sufficient volume fractiont of the compound in
liquld copper ai 1500°C. This analysis shows that the ideal dispersion in copper
should have a small negative enthalpy of formation per atormn, AH ?wm. as for YBg,
of approximately -100/7 Klmol-1 = 14 RImoi-!. As demonsiraled by the present
experiments, small negative AH,,, values obtalned from large negative AH, Aﬁy
and Aﬁ? were difficuli to satisfy in practlice. This resisicted the choite of the

dispersoid to those with a small negative AH ?tom.

5.1.4 Summary

These analyses have shown that the grain structure of rapidly solidified sibbons
was dependent on wheel speed and the solidification interval of the aiioy.
Depending on the growth kinetics, one, two aor three distinct zones couid be
disingaished within the fibbon. The kinetics of soltdification were of particular
Importance in predicting and expialning the resultant rapidly solidified
microsteuciure in terms of the inlerface velocity. Furthermore, thermodynamic
characterstics of the solute were relevant in predicting solid solubiiity extension of
different solules by rapid solidification.

it was also shown that because the restrictions imposed by conductivity and
strength the number of binary systems were limited when a large voiurne fraction of
fine precipitation of second phase particles is to be obtained from supersaturation.
The alloys which proved to be promising were based on the copper-chromium, and
10 a lesser extent, the copper-zicconium systems.

Sections 5.1.Z and 5.1.3 showed that there are limitations in choosing a solute
thal would provide a large volume fraction of second phase parlicles with elevated
thermal stability, foc both precipitation and ticrosegregation dlspersold-hardened
materials. For both types of malerials it was shown that a compromise on thermal
stability was necessary: a) for precipllation hardened ailoys, when a large volurmne
fraction of particles is needed, techniques such as rmelt spinning and powder
atomization do not provide sufficientiy high solidification rates for the melasltable
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solubility extension of elernents such as cerium, yitriumn and zirconium which would
be interesting from a thermal stability view point, and; b) for microsegregated
dispersoid-hardened alloys, the cholce of a stable dispersold was limited by liquid
equilibrium thermodynamics which deterrnine the volume fraction of dispersoid
distributed finely in the rapidiy solidified matetial.

In those cases where the dispersed phase was not obtained by predpitation
from a supersalurated solid, thermally stable microsegredated dispersed particles
resulting from solidification were of interest. 1 Is necessary thal the thermal stability
of microsegregaled microsiructures be better than that of alloy systems having
solubility extension by rapid solidification. If the structure inftially contains dispersed
partides, those particles must have lower coarsening rates than particles which arise
fiom precipltation. The latter parlicles will first precipitate finely from the
supersaturated mattix and then coarsen before reaching the size of the dispersed
particies present In the microsegregated ribbon.

2 Mechanical pr
£.2.1 Microhardness measurements

Hardness measurememts carfled out on elther side of copper-boron and
coppet-yttrium ribbons showed distincl differences. For these malerials there was
no evidence of supersaturation on the free surface of the ribbons as confirmed by
the absence of age hardening, figures IV.11 and IV.16. In conirast, the wheel side of
the ribbons showed slgns of solute supersaturation. Based on the relative degrees
of age hardening observed for the coppet-boron ribbons wheel sides of the two
alioys, and assumning that all the 2.731% boron of the dilute alloy was retained in
solution (figure IV.32)}, 1t can be concluded that some 5-721% botron was retalned in
solution, at the wheel side, fot the concentrated alioy. As for the wheel side of the
Cu-Y0.721% ribbon, the age hatdening observed suggests some solubility extension
of ytirlum.

5.2.2 Tensile {esty

The evolution of steength of binary chromium-containing ribbons depended on
casling speed. At high casting speeds, after heat treatrnent a large volume fraction of
uniformly distributed patticles was obtained by precipitation and growth of
chromium. The mechanical properties may in this case be simply explained in
terms of parlicle and grain size strengthening. However, at low casting speeds, the
strengihs measutred were the result of a more complex microstructure having a
bimodal distribution of parlicles. The struclure either consisted of a uniform
distribution of two distinct particle sizes {ribbons spun at 8 ms-1, figure IV.24), or of
large pariicies arranged in a cellular manner and fine particles, arising from
precipitation, uniformiy distributed within the microstructure (ribbons spun at
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6 ms-1, figure IV.21.d). 1t Is oniy by examination of the microstructure of the meil
spun ribbons In the as cast state and after annealing that the parameters needed to
explain the observed flow strengths can be delermined.

it was shown In several occaslons [19, 41, 47, 48] that the fiow strength of
mechanically alloyed or rapidiy solidified and aged, dispersion hardened, copper
alloys can be explained by equation 10 in seciion 2.3, page 22. 1} is necessary,
however, to confirmn that the particles present in the matrix at peak and overaged
siates are not cui by disiocations. Figure V.5 shows dislocation/particle interactions
in a heat trealed copper-chromium ribbon deformed 2% In tension. The weak
beam tmage shows how the dislocations are anchored by the partticle. For smaller
particle sizes similar interactions were observed. in the chromium-containing alloys
the cigar shape of the bce chromium-rich particles would suggest a certain
coherency with the focc copper matrix. Weatherly et al. [153] showed that the
arientation relationship between the copper matrix and the chromium needies was
of the Kurdjumov-Sachs type, with <651>¢, growth axes on {111] planes
preferred. Even though a certain coherency of the particles is observed, the Orowan
model can be applled since no parlicle shearing was observed.

Figure V.5 Weak beam micrograph of disigcation/pariicie tnteraction in
Cu-Carlf.BS alé}t'rzgf?hongca%l at 26 ms-1, heat treated 30 min at 700°C
eforme .

For a volume fraction of 2vol%, the planar cenire ta centre interparticle spacing
can be considered sufficiently farge with respect to the abstade size that A,-¢ can be
replaced by A in equation 10, section 2.3, page 22. Combining equation 11
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(section 3.7.2.2, page38) with equation 10 (section 2.3, page 22) the following

equation is obtained, thus:
¢)_, fy ¢ (qb)
26"V v "z ©

where Ac is the strength contribution due to Orowan looping.

Figure V.6 shaws a plot of experimentaf flow strengths oblalned on overaged
ribbons plolted according to equation 6. The straight line relationship is closely
followed giving a slope of 5.7 Nm-!, close to the expected value of 6 Nm-1 for the
Cu-Cr1.85 a1%, Cu-Cr2.12 al% Zr0.18 at% and Cu-Cr2.44 at9% Mg0.19 21%, The
intercept of 53 MPa indicates the average value of the matrix strength for all of these
ribbons having a grain size of 1-5 pm which suggesis that the contribution of this
fine grain size to hardening is far less than that of finely dispersed pariicles.

Ac = 6 mn
AP
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the different afloys afler various anneals.
221 sls of alloying additions 1o the co {- miym <

Success in predicling the strength of these malerials by Orowan strengthening
mechanisms permit a betier dassificalion of the efficiency of the different allaying
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additions made 10 the binary alloy. Based on equation 6, dividing the flow strength
of the ribbons by the square root of the volume fraction of chromium present and
nommalizing to a volume fracion of 2 vol%, a direct comparison of the effect of
various alloying addiions can be made. Figure V.7 shows the varlaiion of this
normalized flow strength as a funclion of the different isochronal anneals. It is
importani to note that these comparisons can only be made for the peak and over
aged materials where the Orowan mechanism conirols strengthening, since during
the early stages of precipitation (below S00°C) other strengthening mechanisms
may operate,
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Figure V.7 Plot of flow stress ai room temperature against isochronal annealin
temperature. All the flow stresses are normalized to 2 v0l% o
chromium dispersion.

Figure V.7 shows the strengthening achieved afler annealing samples for 30
minutes at each temperature. As such the peak strength at S00°C for each material
corresponds to the situation where fine precipitation and sullicient particle
coarsening has occurred such that an optimal particle size and spacing is obtained
(particles sufficiently large to act as strong obstacles to dislocations and a very fine
patticle distribution). In view of the close similarity of coarsening kinetics within the
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alloys examined and the simllarity in temperature dependence of coarsening rate
{as was illustrated in figure IV.27} it is unlikely that the relative positions of the
curves in figure V.7 will be modified In any major manner by the choice of a shorter
or longer ageing period. A longer agelng pesiod would displace the peak in strength
o a lower temperaiure slnce a longer time allows for optimal particle size 1o be
achieved by slower coarsening al a lower temperature.

it is clear from figure V.7 that the differeni additions have their most
pronounced effect in the peak aged condition - the strength of the alloy rellecting the
fineness of the chromium dispersion. Compared with the binary alloy, zbrconium
proves to be the most effective of all the alloying additions. Not only does it
substantially increase maximum strengih, but it also helps retain relatively high flow
slresses affer further annealing. 1t should be noled that the volume fraction of
zirconium rich particles present in the as cast slate (figure IV.23) was not taken into
account tn this normalization. 1f these particles were to be consldered, the Cu-Cr-Zr
curve would be shiffed down, but would still remain above the Cu-Cr-Mg line.
Coarsgening at 600°C was stmilar o that of chromium particles in other atloys
(figure IV.27). The magnesium contalning ribbons show a similar behaviour.
Magnestumn, present in solid solution at less than 0.2 3.9, cannot parlicipate In
strengthening by any supplementary precipitalion. The superior strengths observed
at 500 and 600°C were therefore due to {iner chromium precipitation. The effects of
silicon addition are small and are only felt at maximum strength where the fow
stress is increased by about 20 MPa relative to the binary alloy. Titanium on the
other hand had a deletertous effect on mechanical properties. As the concentration
of litanium increased, the strength of the alloy fell to levels below that of the binary
alloy (table IV.1).

The coarsening Kinetics for chromiurmn particles in the binary as well as the
lernary magnesium, litanium and zirconium containing alloys were the same at
600°C (figure IV.27). On the basis of coarsening alone it is therefore impossible to
explain the large differences in mechanical properltes discussed above for the
different alloys. Titanium and zirconium containing ribbons, for example, had
virtually the same parlicle coarsening rales, but differed in strenglh by more than
300 MPa affer peak aging. Coarsening kinetics will be analyzed in detail later in this -
chapter both on the binary and the ternary zirconium-containing ribbons. However,
ihe result of this analysls Is impartant to be stated. Virtually identical values of the
aclivation energy for bulk diffusion of chromium in the binary and the lemary
zirconlum-contalning alloys were obtained. This leads to the conclusion that the
presence of zirconium atoms does not modify In any appreciable manner the
mechanism of chromium atom transport within the copper matrix and, therefore, is
not the reason for the variations of strength observed.

One reason for the different strengths is seen by examining the effeci of lernary
additions on projected aspect ratio. Ternary alloy addtions affected the aspect ratio
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of the chremium particles, zirconium kept it close to unity, while after a sufficient
lime/temperature treatment, tilanium increased this value to above 3 (figure TV.27).
The reason for this difference in morphology beiween the zirconium and fitanium
conlaining alloys is not fully understood. 11 Is nevertheless dear that for subsiantially
over aged states, the zirconmium containing alloy has preferable mechanical
properties when compared with {he filanium containing ribbon. Parlicle thickening
being the same for all the alloys (figure IV.27), titanium additions induced fast
longitudinal growth, resulting in a rapid increase of the average volume of the
chromium particles. The average interplanar particle spacing was thetefore
increased and the strengthening conttibution of these particles with respect to the
zirconium contalning alloy decreased.

A second reason for the different strengths of the differert alloys may also arise
from the different fineness of the initial precipitation befote coarsening occurs.
Detailed analysis by Tang et. al. [10] on precipitation in
copper-chromium-zirconium and copper-chromium-tmagnesium ailoys showed that
predpitalion followed a two stage process. By electron diffraction, they showed that
a complex intermetallic phase having a Fm3m symmetry (Heusler phase) Inftialiy
fotmed with a composition CrCus(Mg,Zr}. On further anneallng, this metastable
phase decomposed to brc chromium and CuyZr particles for ihe zirconlum
containing alloy and bcc chromium and magnesium in solid sofution for the
magnesium contafning alioy. They also claimed {hat the presence of impurilies in
the simple copper-chromium alloy may favorize this iniljal melastable precipitation.
These observalions can be used to explain the differences in mechanical propetties
at peak strength for the zirconlum and magnesium containing ribbons (before the
chromium particles iake up significant cigar-shaped morphologies). The
homegeneous metastable precipltation of ihe Heusler phase in the zitconlum and
magnesium-contalning alloys, heavily supersatutated after rapid solldification,
results in a finer particle size distribution, compared to the binary alloy where this
Indtial phase does not form. The complex Intermetallic precipitated as a very fine
distribution which thereafter decomposed as described above. This resuited in a
particle size distribution which was finet in the zirconium and magnesium modified
alloys compared to the binary alloy which followed the normal precipltation
sequence [153). The effect was less marked for the silicon modified ribbons. Silicon
being markedly differeni in slze and electronegativity from zirconium and
magnesium and quite similar to copper, can be considered less eflident in inducing
this metastable precipitation. The existence of TiO, particles In the as cast state for
the titanium comalning alloy leads lo an opposile effect 1o that of zicconium and
magnesium. Heterogeneous nucleation of bee chromium on these oxide particles
results I a coarser particle size distribution of chromlum. As the titanium
concentration i the ribbon increases, the percentage of oxide In the ribbon also
Increases leading to greater losses of mechanicat strength (table IV.1).
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5.2.3 Summary

Analysis of lhe mechanical properties showed that the strength of cast ribbons
depended on: a) the as cast microstruciure (solute either segregated and/or in solid
solution), b) the kinetics of change in microstructure dusing annealing (precipitation
from supersatwation, phase ransformation from melastable (o stable, grain and/or
particle coarsening), ¢} alloy composition {(modificalion of strengih or kinetics of
microstruciural change by small additions of an extra solute} and; d) the relative
amount of each of the strengithening mechanisms that contribute to strengthening
(bimodal distribution of pariicles, shearable and/or non-shearable precipitates,
solidification cell and grain size).

The largest contribution to strengthening brought about by rapld solidification
was due to dispersion refinement, resulting from either supersaturation and
precipitation or particdes produced afler soluie segregation. With respect to the fine
particle dispersion, grain refinement was not belleved to contribute significantiy to
strengthening.

Where a homogeneous distribution of particles was found, strength could be
explained by the Orowan mechanisin as expected for particles which are not cut by
dislocations. Ternary additions to the binary chromium-containing ribbons modified
conslderably the mechanical behaviour of the alioy by Influencing the precipitation
and the morphology of the particles. Mechanical propeities of copper-chromium
alloys were enhanced by careful choice of alloying elemenis which modify the
precipitation sequence resulting in a finer distribution of particles and/or precipilate
morphology, decreasing the eflective Interparticle spacing. Zirconium proved to be
~ the most eflective of the alloying additions increasing the maximum strength of the

copper-chromium ribbons, as well as retaining most effectively this strength after
annealing at higher temperatures. The oplimum zirconium concentration was found
to be near 0.3 3% as was shown in figure IV.14. Addition of magneslum, llke
zirconium, Increased the peak strength of the alloy by modifying predpitation, bui
its eflects were lost during high temperature anneals.Titanium addilions reduced the
age hardenability of the ribbons o levels below the binary copper chromium alloy.
The existence of oxide particles in the as cast ribbon provoked heterogeneous
nudleation of bee chromium. Homogeneous precipilation was thereby limited
resulling In a coarser particle size distribution consequenlly reducing the strength of
the material.

Microsegregation resulied in larger particles as compared to particles obtained
from precipitation. As a result, for the same volume fraclion of dispersion,
precipltation hardened ribbons had considerably higher strengths (450 MPa for
1.91 vol% of chromium at peak strength) than microsegregated ribbons (450 MPa
for 3.6 vol%4 of amorphous boron distribuied in a celtular manner). In order to reach
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similar strenglhs in microsegregated as in precipitation hardened ribbens, the
volumne fraction of dispersion had 1o be increased.

I the rapldl idified mi fructur

A knowledge of the mode and the kinetics of the ransformation of imelaslable
phases and microsiructural coarsening Is important for controlling alloy behaviour
during fabrication, for example, during consolidation, working and heal trealment,
and subsequently during service. The previous sections showed thal the type of
solule, the nalure and distribution of the dispersion hardening phase influence lhe
thermal stability of the alloy and In consequence affect {ts mechanical behaviour. It
is therefore necessary to undersiand the mechanisms which controf the thermnal
stability of the rapidly solidified malerial. This would allow the prediclion of the
behaviour of alloys wilh similar characteristics as well as the design of alloys with
unique mcrostruciures having improved ihermal properties.

As shown in section 5.1 he solute cholce as well as the processing parameters
determine the rapidiy solidified microstructure. The resultant mell spun ribbon was
shown to have: a grain size delermined by the solule contenl, undercooling and
grain nucleation rale and; a parlicle size distribution depending on the selidification
tale. These fibbons also contained other defects such as quenched-In vacancies and
dislocations resulling from Lhe rapld quench and deforimation of the ribbon during
processing. These defects, as well as cther microstructural characteristics, will affect
the thermal stability of the rapldly solidified matedal.

The grain size of the as cast micrositucture Infivences the evolution of the
micrestrucluce during heat trealment. As the grain size decreases the volume
fraciion of graln boundary Increases. These shor! circult diffuston paths will promoie
particle coarsening. They also act as sinks for solute, draining the soltute within the
grains towards rapidly coarsening parlides situated wilhin the grain boundaries.
This effect cant cleatly be seen in figure V.21 where particle free zones on elther
stde of the graln boundary can be dislinguished in annealed copper-chromium
ribbeons. The inliuence of grain boundaries on microstructural evolution will be
discussed In section 5.3.2.

Solubility extension was possible for some of the sysiems studied in this work.
During subsequent heat treaiment predpitation of the excess solute and coarsening
occurred. For afioys where the as cast siate contained preexisting parlicles, Lthe
distribution of particles afier annealing Is influenced by their presence. This can be
clearly seen in figure V.8 of a copper-Ni3B ribbon heal treated for 30 min al 600°C,
Competitive growth between the small and large particles resulls in the drainage of
solute from the small 1o the large particies resulting in particle free zones.
Competitive growth between particles in a bimodal distribution was also seen In the
Cu-Cr1.85 at% ribbon cast at 8 ms-1, figure IV.25. The effects of particle distribution
on the microstructural evolution will be discussed in section 5.3.1.
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Figure V.8 Particle free zones surrounding large particles in a Cu-Ni 32i% B 121%
ribbon heat treated 30 min at &0"8 P

§.3.1 Parlicle growih

The coarsening rale of second phase particles will depend on the interfaclal
energy of the dispersion as well as the solubility and diffusivity of the rate controlling
element. Growth of the dispersed phase during heat treatraent has been generally
found to foilow classical theories of bulk diffusion controlled particle coarsening
{82, 83]. However in some cases, {f no microstructural assessment is carried oul
(particie size is determined by indirect methods such as conductivity or scattering
experiments), there might be some doubt with respect to the precise coarsening
model to be used. In every analysls, the relative importance of the different
transpon paths should be evaluated for correct Interpretation of results.

d 1 E fi nt of the r (W] 1 ] rl
coarsening

The driving force for particle coarsening is the reduction of the total interfacial
enerdy in a system. There is a tendency for smaller particles to dissolve and larger
ones o grow by transfer of solute through the solvent. Section 2.4 reviewed 1he
different size-time relations that have been established. Experimentai data on
coarsening is usually in ihe form of size-ime-temperature plots. Analysis of such
dala may sometime lead to erroneous conclusions f the wrong transport
mechanism is chosen, even through a good fit of the experimenial points is
observed with a 10 vs. t plot. Plotting the experimental dala in log-log form may also
be of litlle use, since this often resulls in a slope with an exponent n intermediate
between two transporl mechanisms. Such ambiguities arise because of
experimentai scatter, or of uncerlainties In the solubility of the rale controlling
element, whether in be in the bulk, in the dislocation pipe, or within lhe grain
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boundary. The alm of the following development 1s to establish, based on
microstructural observations such as dislocation density, parlicle and graln size, the
rate determining transport mechanism and apply the analysis to the systems where
coarsening was studied.

Section 2.4 showed thal the solubility X,, of a particle of radius r can be
approximaied by:

2
L ) 9

Ko f14 20
‘ KTr
whete v s the atoric volume and k the Boltzmannl constant. If n {s the number of

solute atoms in a particle, the growth of a spherical particle can be written:

apre dr = pdn

dt dt ®)
applyihg Ficks' first law:

dn_ F)Dax
dt v gt (9)

whete £ is the distance from the particle D the diflustvity and F(1} Is the efleclive
transport diffusion area [84]. As mentioned In section 2.4, the difficulty arises when
calculating the concentration gradient dX/d€ for a distribution of particles. If the
simptifications made in section 2.4.1 are accepted, equation 20, page 25, in the
same secton can be used, for a single spherical particle the concentration gradfent

can be approximated by:
—_ X:vu ) Xr
[3351 or d (10)

which leads, based on equations 7 io 10, to:

odr _ Y%V DF(r)
dt T AT 12 an

This equation can also be writlen:

dr _ %V DF(r)

2y =
dt AmRT 12

(12)
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where V  is the molar volume of the particle.

In order to determine F(r) one must consider the diffusion area where solute
predominantly ardves. Figure V.9 illustrates schemalically the differemi modes of
solute Uransport towards a particle. For bulk transport the diffusion area is the
surface of the parlicie and F(r)=4ar?, for grain boundary diffusion the area is
restricted to F{r)=2nrd where § is the grain boundary thickness, whiie for plpe
diffusion F(r)=Ng where N is the average number of dislocations arriving to a
particle and q the cross sectional area of the dislocation pipe. Introducing the above
values of F(r) and integrating equation 12 the established power laws of rlect are
found. The development carried out here for parlicle coarsening has not taken into
account the conditions of continuity and conservation. LSW {82, 83] carried out this
analysis and showed that a steady state distribution of parlicles is asymptoticaily
reached. Equation 12 can be writien, taking into account this analysis, as:

XV, DF (r)

2df _ o
] > m'élnRT r2 (13)

dt

where a'(f,} is a numerical constant which is dependant on the volume fraction of
dispersion and is equal 10 27/8 for the L5W zero volume fraction approximation.

It can be seen that the magnitude of the product of F(r) and its appropriate
diffusivity term will determine the dominating coarsening mode. In order to test this
analysis the coarsening of chromium particles in binary chromium-containing
ribbons cast at 26 ms-! is studied below.

Bulk diffusion contiolled  Grain boundary diffusion Pipe diffusicn controlled
£ = 4nr? ?:?nlrcallegi Fr) =Ng
r) = 2xr

Figure V.9 Schematic representation of the different modes of solute transport.
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5.3.1.2 Anglysls of particle coarsening In _solld  solution
chiomlum-contalning ribbons

The diffusivity of chromium in dilute copper-chromium alloys was measured
by Barreau et al. [154] and Saxena (155]. The two authors found that diffusivity
followed the classical Arthenius relationship wilh, respectively, a pre-exponential
term Dy, of 1.02x10-9 mZs-1 and 1.6x104 m2s-! and an aclivation energy Qpy, of
224 Kmol-! and 255 KJmol-1. For the following calculations the bulk diffusivity of
chromium in copper Is approximaled by:

DEy = 1.3x 10 exp(L%?’L‘d)[m%"] (14

It is necessary to eslimate ihe grain boundary and pipe diffusivilies of
chromium In order to determine the product F(r)D for the two olher modes of
transport. Gjostein [156] showed that the aclivation energy for pipe diffusion is
approximalely 3/4 thal of bulk diffusion, while thal of grain boundary diffusion can
be approximaled to half the aclivation energy of bulk diffusion. The frequency
factors for each ransporl mode were found to be approximalely equal. Figure V.10
shows the theoretical behaviour of F(r)D as a function of particle radius 1, at 450°C
and 700°C. For this representalion an average of 4 dislocalions pet patrticle (N=4)
was assumed, a dislocation pipe area of b2, where b is the Burgers veclor and the
grain boundary thickness was laken 10 be 1 nm.

It can dlearly be seen in figure V.10 that within the temperalures of interest the
F{(t)D lerm for graln boundary transport dominates the other two modes of
ransport. Parlicles situaled on grain boundaries can therefore be considered to be
uninfluenced by the other modes of transport, their coarsening being solely
controlled by the arrival of solute via the grain boundaries. The discussion arises for
particles within the matrix where a certain dislocation density can be distinguished.
Under the assumptlons made, at low and elevaled lemperalures, dislocation plpe
diffiusion would be the prindple mode of lransport for small particle sizes. For large
particle sizes, bulk diffusion dominales.

In ihe as cast state the dislocation density was estimated as 6x1013 m-2. Upon
heat treatment precpilation of the excess solute, preferentially onio dislocations, will
pin ihe existing dislocalions and siabilize the initial density until the volume
tnterparticie dislance increases sufliciently by coarsening (hal dislocations are freed
and annihilated. Figure V.11 shows lhe dislocation arrangement afler 4.5 h at
750°C, the inlerparticle spacing is siill not sufficient 1o decrease significanily the
dislocalion density estimated here at 4x1013 m-2,

Il ts clear tha! the number of dislocalions per particie will depend on the initial
dislocation density,p, and the volume interparticle spacing, A,. The value of N can
be oblained by constdering the relation:
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Figure V.10 F(1)D term (theoretical) for chromium articles in a copper matrix at
(8) 450°C and (b) 700°C P s

N =pa2 (15)

where il is assumed 1hat N}, dislocation fengths are found in a volume of (A,)3,
Writing equation 15 as a function of particle radjus:



Figure V.11 9;0% 1.8531% ribbon melt spun at 26 ms-1 and annealed 4.5h at

N =pa? r? (16)

where o, 13 a proportionality constant defined by equation 12 in section 3.7.2.2,
page 38. The translion from pipe diffusion to bulk diffusion controlied coarsening

can be characterized by the condition:
Anr2 Dy = NqDypipe 17
Substituting equation 16 in 17 and considering the assumplions made above with

respect to bulk and pipe diffuslon, a critical dislocation deaslty for a given volume
fraction and temperature can be defined:

-Q

Dislocation densities larger than p., will promote pipe diffusion controlied
coarsening and smaller densides promoies bulk diffusion. Figure V.12 shows the
theoretical evolution of p.y for a valume fraction of dispersion of 2vol% and
different bulk diffusion activadon energies as a function of temperature. It can be
seen that p.y, increases with temperature and decreases with increasing bulk
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diffusion activalion energy. Considering the experimentally observed dislocation
densitles (section 4.3.1, page 70), at elevated temperatures p.is higher
(~1016 m-2 at 700°C and ~1015 m-2 at 450°C) which suggests that the effect of
pipe diffusion on coarsening rate of chromlum particles at such iemperatures can be
neglected .
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Figurg V.12 Theorelical evolution of p.; for a partide volume fraction of 2¥0/% as
a funclion of temperagﬂ‘é and pbulk diffusion activation energy,
assuming similar fre uenq‘r_ tenms and an activation energy of pipe
diffusion equal 10 3/4 that of bulk diffusion.

If the anneallng conditions and microstmctural parameters lead to a vaiue of
Per close to the measured dislocation density, both pipe and bulk diffusion
transporl mechanisms should be consldered (models for mixed ransport including
pipe and bulk diffusion were described by Kreye [104] and Slyozav [157]). It is only
for measured densities significantly different from p.; that one of the two transport
mechanisms can be excluded.

Since the dislocation density observed in the copper-chromium rbbon was
significantly less than p_y, . bull diffusion controlled coarsening will predominate
and the LSW model can be used. Figure V.13 shows the evolution of size of the
chromium particles at 600°C as compared to that predicted by bulk and pipe
diffuslon controlled coarsening, assuming an interfacial energy of chromlum
particles in copper of 0.2 Jm-2, a molar volume of chromium of 7.32x10-6 m3maol-1
a solubflity of 0.131%, and for pipe diffusion conlrolled coarsening the same
assumplions as those used for calculating F(r}D Close agreement can be seen
with {he bulk diffusion controlled model.

pipe’
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Figure ¥.13 Ewvolution of the chromium parlicle size at 600°C as compared to thal
predicted by bulk and pipe diffusion conlrolled coarsening models.

Figure V.14 shows a 13-t representation for the coarsening of the chromium
particles at different temperatures. Eliminating all temperalute dependant terms
other than the exponential term from the expenimental rate constant k5 and plotting
Iy T/X ()} against 1/T should give a straight line of slope:

_ALTCe
—4”}—_{,"_‘“3 (19)
with an Inlercept of:
v .
In (g 7Rm Do) (20}

If however, the equilibriun solubility of the raie conlrolling solule is not known,
assuming a regular solution model, its solubility can be wrillen as:

[M] = B exp ("{;',ng) @

where {M] is the solule concentration, B a proportionality constant, equal to unity if
an ideal enlropy or a regular solution is assumed, and AHg the heat of solution of
the solute, M. The rate constant for bulk diffusion controlled coarsening then
becomes:
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Y Vm (“ (AHgfxfk + AHM )) (22)
RT DoP exp “RT

K'3=%

where the slope of the Arrhenius plot will be:

Qe _ - (AHHy + AHY) 23)
R R
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Figure V.14 r,;r cubed as a function of lime for chromium particles in the
Cet.ﬂCr 1.853% ribbon at various temperatures.

Sections 4.3.1 and 5.2.1.1 showed that the growth of chromium panlicles was
unaflected by dilute addilions of an extra solute. Because of the similarities In
structure and composition It can be taken that chromium coarsening In the temary
chromium contalning alloys was aiso bulk diffusion controlled. Table V.2 shows the
rate constants at 600°C oblained by a 13+ representation (figure IV.27b).

Table V.2 Coarsening rate conslants (in m3s-1) at 600°C for the binary and ternary
chromium-containing alloys.

Cu-Cr 1.82% | Cu-Cr1.8319%Z81% | Cu-Crl1.88%Mgat% | Cu-Crl.83l%Tia%
4.86x10-29 2.98x10-29 2.96x10-29 3.41x10-29

If the analysis based on equations 19 and 20 is applied lo the coarsening of the
chromium parlicles in the binary as well as the ternary zirconium-containing alloy



Discussion page-120-

an activation energy of, respectively, 212.5 KJmoi-1 and 224.6 KJmoi-1 and an
Intercept of 1.7x10-10 m3s-1 and 7.27x10-10 m3s-1 is determined (figure V.15).
The values of the activation energy are in close agreement with those measured by
Barreau et af, [154] and Saxena [155). The virtually identical values of the activation
energy for bulk diffusion of chromium in the binary and ternary alloy (as well as the
similar values of the pre-exponential ierm) ieads to the conclusion that the presence
of zirconium atoms does nol modify In any appreciable manner the mechanism of
chromium atom transport wilhin the copper matrix. As for the intercept, introducing
the appropriale values for V,,, and R gives a product of D, of 1-7x10-4 Js-! which
ts in order of magnitude agreement with the general values of interfacial energy and
diffusional pre-exponential terms.
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Eigure V.15 Plot of In{x3T/X.} agalnst 11'1' for chromium particfes in binary and
the ternary gircomum -containing alloy

5.3,1.3 Coarsening of YB, and Cu,Y particies in yitrum-containing bbons

Coarsening analysis was carried out on YBg particies present in the
Cu-Y 0.1Ba1%B 2.321% as well as on CugY parlicles in the Cu-Y0.721% alloy. The
precise Infermelallic phase was not determined in this study. Cubic CugY [158] is
quoted as the first stable copper-rich intermetallic to form. A metastable CugY phase
wilh a hexagonal slruciure has also been observed [159). It Is assumed thai after
annealing the equiilbrium phase Is obtained and that the ytirium-rich intermetailic
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obtained was Cug¥. As shown in seclion 4.3.2, the as casi microstructure of the
ternary alloy consisted of amorphous boron and yttrium-rich particles arranged in a
cellular manner. Duting annealing, the initlal microstructural changes were
characterized by a transient period during which transforrmation of amorphous 10
crysialline boron occutred and a stable volume fraction of YBg particles of size 2y
was oblained. After these initial changes the microstructure contained excess
arystalline boron and YBg particles. Because of the composition of the dispersion
the coarsening of YBg will be the result of the transport of both yitrium and boron
atoms. By contrast the coarsening of Cug¥ particles is determined only by the
transport of yttium atomns. '

For the ternary alloy the low density of dislocations (figure IV.30) means that
only bulk diffusion controlled coarsening is possible. Figure V.16 shows that the
13-t relationship is closely followed for the coarsening of the YBg particles In the
ternary alloy. The intetcept of the r3-t plot allows the value of y 10 be determined;
the value at which steady state coarsening is considered to start. Table V.3
summarizes the values of y as well as the coarsening rate constants.
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Figure V.16 13-t plol for the coacrsening of YB articles in the
Cu-¥Y 0.1831%B 2.3319% sibbon at diéerenl temgera ures
Table V.3 Coarsening of YBg particles in copper. '
Temperature (°C) 800 B850 200 950
w {nm) 1.5 1.7 1.7 1.6
rate constant k3 (m3s-1) | 1.49x10-32 | 5.12x10-32 | 4.15x10-31 j 2.18x10-30
1 afler 6 h (nm) 1.6 1.8 2.3 3.7
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For YB; partides coarsening is dependent on the ransport of two species, the
LSW relationship s modified to

V.
Ky = -g—y—;(Dm X (24)

where:

DEy X8 Dgu XY
6DE 4 X8 + Dl XX

(Dpure X = (25)

and <DX> represents the compound diffusivity-solubilty of the parlicie In the
copper matrix [160). DB and DY represent, respectively, the diffusivilies of boron
and yitrium in copper and XB and XY, their mole fractions in equilibfium with YBg
and excess boron. Even though the solublliies of yitrium and YBg In copper as well
as the diffusivity of yitrium are not well known, a simple estimate and comparison
with {he reported solubility and diffusivity daia of boron (63, 161]), show that the
coarsening kinelics are controlled by the concentration and diffusivity of yttrium.
This condusion is supported by the value of <DX> deduced by inserting values for
¥(0.2Jm-2) and V,, (4.2x10°5 m3mol-1) into the expetimental values of k3: the
values of <DX> are much too low for boron diffusion (table V.4). The rate constani
for YBg coarsening can therefore be written as:

Vin
Kg = ---8—— 14 Dbun(}d (26)

Table V.4 Theco gound diffuslvity-solubility term, <DX>, for YBg bulk diffusion
controlled coarsening in copper.

Temperature (°C) 800 850 900 950

<DX> experimental (m?2s-1) §1.06x10-22 | 3.80x10-22| 3.22x10-21| 1.76x10-20

DpXg for boron (m2s-1) [ 1.5x10-15 § 5.4x10-15 | 1.8x10-14 | 5. 5x10-14

Coarsening of CugY particles was found o be much faster than that of YBg
{figures IV.29 and IV.33). No measurement has been reported for the diffustvity of
ytidum in copper. However, it has been stated [64] that rare earth elements are
slow diffusers. On the basts of this assumption no clear explanation can be glven for
the marked difference in coarsening raies between the YBg and Cug¥ particles
observed in the two alloys, ylirium fransport being the rate conlrolling element in
both systems. The difference in coarsening rates seen is oo latge o be atiribuled
salely to the difference In stabllity between YBg and CugY. The presence of many
dislocations in the binary ribbon connecting the particles might suggest that
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coarsening of the particies was not bulk, but pipe diffusion controlled. For a volume
fraction of 5v0i% of particie and an aclivation energy for bulk diffusion of yiuium of
200 Klmol-! (calculated by the Swalin model) the critical dislocation density at
600°C s 3x1015 m-2, The dislacation density measured after I h at 600°C for the
binary ailoy was 3x1013 m-2, sufficiently lower than pgg, for the coarsening of the
CugY paiticles to be considered buik diffusion controlied and not as mighi have
been ihought, pipe diffusion controfled. The coarsening of the CugY particles is
represented by the r3-t plot in figure V.17.
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Figure V.17 13-t plot for the coarsening of CugY parlicles in the Cu-Y 0.731%
ribbon at different temperatures

Plolling In{x5T) against 1/T the activation energy for coarsening will contain two
terms as in equation 23, Q. of Cug¥ parlides in copper is determined as
270 Kmol-! (figure V.18). Figure V.19 shows a similar plot for the coarsening of the
YBg parlicles in the ternary afloy. Q. of YBg is deduced to be 410 KJmol-1. For the
ternary alloy the concentration of yitrium in the matrix in equilibrium with excess
boron and YBg is not known.

Qlson et af. {162] showed that the rate of coarsening of second phase paiticies
can be changed by altering the composition of the alloy. If an AB dispersoid is found
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in an alloy, by increasing the concentration of A in the alloy the equilibrium solubility
of B is decreased by the law of mass-action. If B is rate controlling, the coarsening
rate of the dispersoid can in consequence be reduced. This can be used to explain
the betier coarsening resistance of the YBg particles in the {ernary alloy. The high
boron concentration in the alloy forced down the equilibrium concentration of
yttrium decreasing the coarsening rate of the dispersoid. In conirast to this
boron-rich off-stolchiometry, the yitium-rich off-stoichiometric ribbon showed poor
thermal stability (figure IV.18).

sor
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Eigure V.18 In{x3T) agalnst 1/T plot for the coarsening of CugV parlicles.

Assuming Ideal entropy of mixing and knowing the maxjmum solid solubzlmes
of both boron and CugY in copper the enthaipies of sotution AHSY6Y and AHE, of
CugY and baron are calculated as 73.6 kKImol-! and 62.4 kJmol-t respecuvely The
actlvation energy for the coarsening of the Cug¥ particles can therefore be written as
Q.=AH bulk+73 6 Kimoi! (from equalion 23). Which would mean that the activation
energy for bulk diffuslon of ytitum, Al"bu{k calculated for this alloy is approximately
196 Kimol-t. For the anY s of ylirium, the heat of formation of Cug¥ must be known.
However, no therrnodynamic data on the copper-ylirium system s available, The
heat of formation of YBg was determined by Kudinstseva et 3l [127] as
-100 Kmol-1. Based on the assumption that the heat of formation is related to the
melting polnt (the melting polnt of YBg !s 2300°C and that of CugY Is 910°C) the
heat of formation of CugV can be neglected with respect to that of YBg. The
enthalpy of solution of YBg in copper following the reaction:

YBs - Yc, + 6Bcy Q27
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Figure V.19 1n(x3T) against 1/T plot for the coarsening of YBg particles.

can herefore be assumed to be 548 kjmol-1. Hence the solubility product can be
written as:

[V][BP = exp(-2484mol "} g

If boron is found in excess as is the case for the ternary afloy, the concentration of
boren in equilibrium will be determined by the reaction B -> B, where:

-1
[B] = exp ( -62 .4R51Tmof ) 29

Substituting equation 29 into equation 28 dives the concentralion of yiifum in
equilibriurn with excess boron and YBy as:

4
[Y] - exp('173'??;§_"m°[ ) 30)

Tmbsul\.kvould imply that the Q calculated for coarggﬁn(ing of YBg can be wrilten as
Q=AHy  +173.6 which would mean that the AHy — calculated for this alloy is
approximately 230 KJmol-T. This is in reasonable agreement with the value
obtained for the binary afloy (196 kJmoil-1) as weli as thal obtained on the basis of a
diffusion maodel developed by Swalin {56] (200 kJmoi-1). The large differences in
coarsening rales between YBg and CugY particles can therefore be altributed to the
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boron rich off-sioichiomelry of the temary alioy, and not to differences in coarsening
mechanisms. In the light of the above findings, the thermal stability of dispersion
hardened atioys can greally be enhanced for an A,Bg compound when: (a) the
composition of the alloy is In excess of stoichiametry wilh respect to the faster of
ihe two diffustng species (b} the compound has a high energy of formation (within
the iimits discussed in section 5.1.3) and; (c) the compound has a high /a ratio.

A.1.4 n ot c r-oron and ternary boron-tich
copper-ytirum-boron rbbons

Boron particle growth was studied in the Cu-B 2.741% and Cu-B 7.342!1% as
well as in the boron-rich Cu-Y 0.2321% B 5.663!% ribbons. These ribbons were
characterized by a succession of microstructural events. Initially, the amorphous
parides in the as cast material showed a remarkabie resistance {0 coarsening,
Nucleatlon of crystalline boron particles therealler occurred. These particles grew
rapldly, draining soluie from ihe amorphous particles and reducing thetr size and
numbet. After {otal transformation, the crystalline particles coarsened. Thermai
slability of the lernary alloy was higher than that of the binary alioys as reflected by
the strengths observed afler high temperature annealing (figure 1V.iB) and the
longer time necessary for ibe total transformation of amorphous lo crystaliine boron
(figure [V.8). While nol explicitly studied in the temary alloy, no coarsening of the
amorphous boron pariicies was seen aver these ionger time petiods. The
high-temperature stabtiity of the binary and lernary ribbons was therefore not
determined by the coarsening of the strengthening phase, as in other systems, but
by the phase change that occurred. It was therefore important 1o understand the
factors which controlled this phase change. The follow!ng paragraphs will discuss
each of the above mentioned events.

This iotal absence of coarsening was unusual, since it was expected that, due
io the small size of the boron atom, solute transport would be by Inlersiilial
diffusion resulting in rapid coarsening. Literature dala on the diffusivity of boron in
copper is sparse and apparenily alloy dependent. The values reported by Rexer
{161], used io estimate the diffusivity-solubility terms in lable V.4, are based on an
activation energy of 252 kJmol-1 and a pre-exponential ferm of 1.15 m?s-1.it should
be noted that this value of activation energy is exceptionally high for interstitial
diffusion, when compared fo the activation enetgles of substtulional diffusion of
chromium or yitrium (sections 5.3.1.2 and 5.3.1.3). Moreover, this value is close o
the bull diffusion activation energy of niobium (254 KJmoi-1) which 1s known to be
a slow diffuser in copper. Similarly the pre-exponential term of i.15 m2s-1 is high
with tespect o generally quoted values for Interstitial diffusion [63]. However,
because of lack of other data, these values wili be used with caution to estimate the
diffusion coeffictent of boron near the temperalures where they were initially
measured.
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The as cast microstructure of these ribbons consisted of boron particies
decorating the grain boundaries as well as outlining the solldification ceti structure.
There was no evidence of high disiocation densities within the cell interiors although
- they were present along the cell boundaries. It was deatly shown in table V.2 ihat

no measurable change tn amorphous particle size occurred duting the fizst hours of
heat treatrment at 600°C or minutes at 700°C. If buik, disiocation and grain
boundary diffusion controlied coarsening models are used, this complete absence
of coarsening can not be explalned. Coarsening models previously discussed predict
a significant change in particle size over lhe time-scale mentioned above, for
example: (a) bulk diffusion controfled coarsening predicts a doubling of the size
afler 3 h at 600°C or 5 min at 700°C, (b) grain boundary controlied coarsening
predicts a particle size of 1 um aller similar heat treatments and; {(c) pipe diffusion
" controfled coarsening predicts 2 particle size of 200 nm.

il is therefore obvious thal the rale determining step, conferring lhe high
resistance to coarsening of the amorphous particles, is not iranspori of solule
through the matrix, but the difficuity of solute transfer at the particle-mattix
interface. Coarsening of these particles requires simuitaneous boron dissolution al
the particle nterface, diffusion of the solute through the matrix, grain boundaries or
dislocation pipes”, and re-precipitation of the solute on a growing padiicle. By
analogy, the large crystallineg boron particles which appear when heat treatment is
prolonged, coarsen rapidiy (table IV.2) by a combination of boren dissolution from
a crysltafline parlicle, diffusion, and re-precipitation on to another crysialline partide.

The crystailine particie growth in the ternary alioy during the transformation
period can be represented by a parabolic relationship (figure V.20). At a [aler stage
the growth raie falls. The initiai stage can be taken as the diffusion controlied growth
of the Individual boron particles. The decay in growth rate occurs when less than
1 vol9% of crystalline boron particle has formed, considerably less than the expected
2.5 vol% at the end of the phase change for the lemary alloy. The decay in growth
rate can be explained by: (a) the particle size reaching the ribbon thickness and; (b)
ihe diffusion field around each particle are beginning to interact. Ut is also tmportani
to note that the estimation of size of ihe boron crystal 1s only valid for smali crystal
sizes. As discussed In section 3.7.1, page 36, the measurement becomes erroneous
for jarge crystais where the measurement of @y, o, deviates from reality as the
structure of the particle becomes arborescent and the number and size of the crystal
branches increases.

Growth of the crystaiiine phase can be considered to be the resuit of
supersaturation where the concentration of melastable amorphous particles
supposediy constitute the supersaturation. The depleted zones found in the mattix

“These are generally considered the rate determining steps of coarsening, since
sofute transport through the interface is usuaily considered rapid.
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around the crysialline particies are consistenl with this model (figure 1V.5). Similar
growth rates were observed in the binary alloys. The dilferences in ttme for the
transformation to be completed between the binary and ternary systems is
attributed 1o the differences in the number of crystalline particles formed during heat
treatment.
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i V.20 Boron panicie size in the Cu-Y 0.2321% B 5.662% afloy as a function
of annealing time at 750°C. The inilial growth follows a parabolic size
vs. time relaionship.

Figure V.21 shows a TEM micrograph taken at the interface between a boron
crystal and Its sutrounding matrix. The matrix far from the Interface can be seen to
contaln stll many amorphous boron parlicles. This figure also shows the depleted
zone close to the crystalline boron partice, from whete most of the amorphous
boron has disappeared; both the sfze and number of amorphous particles are
reduced near the crystalline phase. This micrograph was taken on the Cu-B 7.3431%
sample for which the higher density of crystalline particies made it easier to find
such a particle within the electron-transparent area of the thin foll. In the temary
alloy this observalion would have been difficult to make because of the presence of
YBg parlicies which do not alier In size during the times of this transformation,
making the depleled zone less obvious. The amorphous particle size and
disttibution confitins that the growth of the large particies 1s controlled by solute
diffusion from the amorphous particles distributed in the matrix.

The growth rate, dr/dt, of a particle in a saturated mattix can be described by:
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dar . 1% %) /B

dt  2{X-X)Vt Gn
where X, is the supersaturated concenitration of solute, X, the equitlibrium solute
concentration at the temperature of heat treatment and XB the solute concentration

of the particleY [163). This equation may be iniegrated ic show the parabolic
dgrowth constant:

L‘Z_ _ (Xs - Xa) D
= EC
Where the term in square brackeis is the supersaturation. Taldng logarithms gives:
2y . XX .9 3
In( f) In [Xb-Xw Do} =T (33)

Figure V.21 represents the vatiation of the log of the rate constant with the
reciprocal of temperature and gives an aclivation energy of 170 kimol-! for the
transport of boron.
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Figure V.21 Variation of growih raie (expressed as @2/} during the initiai
arabolic drowth period, with annealing iemperature for the
13116Yk10'2?31% B 5.6641% ribbon. The activation energy deduced is

mol-1.

Y The value of 1 is taken to mean the radius of a boron crysial, defined in
seclion 3.7.2.1 as the radius of the encompassing circle ®p,5,/2 of the largest
boron crysial metalfographically found.
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Figure V.22 shows that a conceniration gradient of amorphous particles exists
around each growing crystalline particle. Solute arrives to the crystaliine particle by
the dissolution of the amorphous ones. This step does not therefore seem to be rate
determining. By comparisan with slow coarsening of the amorphous particles, it is
not the dissolution at the particle-matrix interface, but the re-precipitation of solute
on an amorphous particle that results in the slow coarsening of the amorphous
phase which was Initially observed.

3- B_oron

Figure V.22 Transmisslon electron micrograph of heat treated Cu-B 7.343t%
ribbon (20 min at 750°C). Many amorphous boron particles are
present far away from the cryslalline boron particle and fewer.
smaller ones near the tnterface.
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Figure V.23 shows a crystalline boron particle which consists of many branches
accurring from one nucleation event. The branches look faceled but thelr surface
remailns rough suggesting that growth was not interface controlied. The arrival of
saiute by diflusion to the crystalline phase was therefore the rate determining step.
This resulted from grain boundary, pipe or buik diffusion. The activation energy of
170 KImoi-1 was therefore the rate controlling transport mechanism for the growth
of the crystalline particies.

The value of the intercept obtained in figure V.21 was 5x10-6 m2s-1, Taking
the supersaturation (equation 33) as 2.5x10-2, based on an estimated ailoy
supersaturation X, of about 5 2% {with 1 3% of boron in the YBg patticles),
together with a solid solubility X, of 0.5 21% at the iemperatures used and Xg equal
to 100 21%, a frequency factor D, of 8x10-3 m2s-1 is obtained. This is in better
agreemeni wilth the generaily accepted diffusion frequency factars than the value
quoied by Rexer. .

The nudealion of boron crystals was examined as a funclion of lime
(lable IV.2) at several femperatures in the ternary alloy. For any temperature, the
volume number density of crystals remalned constant; which means that growth
alone occurred, and nucleation, if any, was rapid. The number of the resulting
crystals varied wilh the annealing temperature according to an Arrhenius
relationship with an activation energy of 160450 Kmoi-1, similar to the vaiue
abtained for the transport of solute through the matnix (figure V.24). The largde
unceriainly in this vatue was due to the difficullies in measurement of particie
number.

The lernary ribbon was shown {0 maintain good mechanical properties at
temperatures up to 100°C higher than the binary ribbons. The reasan for the
improved (hermal stabiilty of the ternary alioy is the iimited crystal nucleation
accurring in this alioy when compared with the binary ailoys (table IV.2). The
constant number of crystailine boron particles during the transformation from
amorphous to crystaline boron suggests that no nuclealion takes place; only the
growlh of crystals at quenched-in sites. Nucieatfon at guenched-in sites may be
ternperature dependant when a distribution of sites of differenl aclivity is quenched
into the tibban during melt spinning, and if this disuibution varies with quench rate.
An ailernative possibility, which seems more likely, is that nucleation is controlled
by predipitation of the supersaturated solute of the quenched alloy. During the initial
heat treatment this soluie can precipitate as the equllibrivm crystalline phase. Some
of these precipitates will reach a size large enough (0 be slabie reiative ta the
melasiable amorphous particles; and a distribution of stable nuciel will be created.
Since more soiule was retained in supersaturalion near the wheel side of the
ribbon, more nuclealion occurred there (figure IV.7). The Increase of solubility
extension with wheei speed is confirmed by the increase of wheel side
microhardness after peak ageing with wheel speed (ligure IV.17). With higher
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ribbon casting speeds, more solute remained in solulion and more nuclei
consequently formed. At very low wheel speeds where crystalline boron particles
formed directly during solidification. Precipitation is faster and {iner at higher
temperatures leading o the formation of more nuclei. The lower number of boron
crystals farming in the ternary alloy, as compared with the binary alloys, may be
understood in terms of precipitation processes occurring. In the ternary alloy, a
significant part of the excess boron solute precipitates in the form of Y3y particles,
leaving only a small amount of solute to precipitate as crystalline baron.
Flgure V.25.a summarizes the events occurring during transformation of
amorphous to crystalline boron. Figure V.25.b schematically shows the distribution
of the volume fraction of boron as a functon of wheel speed. The Ideal case is one
where only amorphous boron parlicles exist in the matrix.

Elgure V.23 Scanning electron micrograph (secondary_electrons) of a_boron
crv7 nga deeply etched gam%Ie E)f Cu-¥Y Olg?@l% B 5.6621% (75 min
at 750°C). The surface of the crystal remains rough.

Knowing the nucleation and the growth kinetics of to the crystaline particles a
TIT curve can be constructed for both the binary and the ternary ribbons to
underine the differences in thermal stability between the two systems. Figure V.26
shows the calculated tirme necessary for 50% transformation of amorphous boron
in the Cu-B 7.343t% and in Cu-Y 0.232% B 5.6G31% ribbons.
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Figure V.24 Arrhenius plot of the volume number density of crystalline boron
parlicies as a function of lemperature.

After complete transformation of the amorphous boron, crysialline particles
situated at the junclion between several gralns were found (figures IV .4, IV.5 and
IV.30). Figure V.10 showed thal for a large lemperature range, if particles were to
be found at grain boundaries, the F(r)D analysls would predict grain boundary
diffusion controlled coarsenlng. The relation derived by Ardell (B8] for grain
boundary controlled coarsening is:

Dipt  (3a)

Using this refation a good fit of the experimental data is obtained for the coarsening
of the crystalline boron particles in the Cu-B 7.343% ribbon (figure V.27).

Based on the grain boundary energy being equal io the parlicle-matiix energy,
and a fraction of grain boundary covered by particie of about 0.1, A and B are
calculated as 0.2 and 1.0 respectively. With reasonable variation in physical terms it
can be shown that the values vary weakly. The graln boundary diffuslvity can
thereby be deduced as 3x10-5 m2s-1 and 5x10-5 m2s-1 respectively for 750°C and
BOG°C.

While it may not be wise o interpret results of Arrhenius plots with only two
data poinis, an activation energy for graln boundary diffusion is nevertheless
extracted from the abave data. A value of 90 IJmol-! representing approximately
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half the value for the activation energy found for the growth and the nucleation of
the crystalline particles during the amorphous transformation is found.

Excess boron in sofid solutlon
Precipliotion ond growih of crystoliing boron

Crvsialine ohose reaches o size
distribuiton which becornas stoble
refotive 10 Ihe omorphous state

'

Dissolutton of the omorohous ohase coupted
wilh the growth of the crystoline porticles

(Fronsformaiton omorphous 10 crystaliine)

Coarsening of the crysialine phase

‘ boron In solld soloton
Crysiofling boron

—e — — — Amorphous boron

Volumne fraction

Equiliorurn sotublity of boron
-~

I

Guench rale or wheel speed

Figure V.25 Summary of the events occurring in the ragidiy solidified boron-rich
rfibbons during annealinF ﬁ). Figure (b) shows boron solute
distribution as a function ol wheel speed.
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5.3.1.5 Coarsening of bimodal particie distributions

On annealing the Cu-Cr 1.8521% alloy cast ai 2 wheel speed of B ms-]
precipitation occurred resulling in a bimodal distribution of particles. Figure [V.24
showed that nillaily the fine precipilates coarsened independently. Further
annealing resulted in the disappearance of the fine particles which Initially remained
with a constant volume fraction until their mean volume interparticle spacing A4
came close to the average spacing A, of the larger particles (figure IV.25). For the
coarsening of the small particles 10 be uneffected by the large A,; mus! be much
smaller than A, . This can be written as:

3 3
WAL /A 35
r, << I, {35)

where V is the average volume of the particles (section 3.7.2.2, page 38), f,; and {;
the volume fraction of small and large particles respectively.

The volume fraction and size of the small particles were measured as a
function of annealing time at 500°C {figure IV.25). The small particles coarsened to
2.3 and 6.3 nm afier 30 min and 24 h, respectively, which corresponded to
interparticle spacing of 48 and 100 nm. The large particles {20 nm In size) had 2
spacing of 135 nm. After a 24 h annealing lime the volume fraction of small
particles decreased, the particle distribution In the alloy tending towards a single
mode distribution of particles.

Coarsening of the fine particle distribution can therefore be consldered to
behave as expecled by the coarsening models as fong as the small and large
particles do not inleract with each other. This is the case until the fine particles have
sufficientiy coarsened that their spacing i.e. the solute transport distance, becomes
equivalent to thal of the large particles. Al this point the differences in solubility due
to differences In size is such that the smatler particles would dissolve In favour of
the larder. The {lne particle medium surfounding the larger parlicles supplles the
necessary solute for growth. This may be considered similar to the growth of
crystaltine boron duting the transformation period (section 5.3.1.4). Fine particles
provide the supersaturation resulting in the growth of the large particles. This may
explain the pariicle free zones surrounding ihe large Inclusions in the Cu-Ni3B
rbbon (figure V.8)

In the Cu-Cr 1.853t% ribbons, afier complete predplitaion of the chromium
particles, patticle fiee zones on either side of the grain boundary were observed.
These zones (figure IV.21) increased in size with annealing time. They should be
distinguished from precipitation free zones which are the result of the lack of
vacancles near the grain boundaries after quenching. After several days of
annealing, these patlicle fiee zones continue to grow and are therefore nol the resutlt
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of these gradients. Figure V.28 shows that the width of these zones is related to the
volume interparticle spacing. Considering a dissolving parlicle (a particle of slze
smaller than the crifical radius), equidistant from the grain boundary and its
neighboring parifcles in the bulk, solule would preferentially be drained towards the
grain boundary than towards a growing pariicle in the matrix because of the higher
solute solubility and the presence of Targer particles at the grain boundary.
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Figure V.28 Volume interparticle spacing of chromium pariicles as related to the
width of the parlicle free zone.

5.3.2 Graln growth

One of the conseguences of rapid solidificalion to be studied in this work was
alloy strengthening by grain refinement. Seclion 5.2 showed that the increase in
sirength due to grain refinement for the alloys studied was small, when compared
to the strength gained by fine second phase particles. During annealing the average
grain slze increased. Some of the rlbbons studied showed slow grain growth
kinetics, e.g. the copper-ytirium-boron ribbons, while others suffered rapid growth.
These differences In kinetics were a reflectfon of the effectiveness of the drain
boundary pinning particles in the microstructure.

The graln size of such materdals is usually stabllized by grain boundary
particles. Zeners' formula for the limiting grain size In the presence of second phase
particles is derived by equating ihe pressure iending to move the grain boundary
towards ils centre of curvalure to the retarding force produced by a second phase
particle {163], thus:
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e

D 4
b= 3 (36)

where D is (he average grain diameter and 1 the average radius of the spherical
inclusions. This equation was found to hold in many copper systems {19, 41, 47].
Under these conditions it can be seen that grain size Is particle slze dependent.
Because of rapid grain boundary particle coarsening, pinning parlicles become less
efficienl as their size increases. This decreases Lhe retarding force exeried by the
pinning particles leaving the boundary free to migrate. The boundary will move a
short distance before encouniering other smaller particles which will again pin it,
this pinning unpinning pracess results in swept up parlicle fiee zones. Flgure V.29
shows this effect in two different alloys. In the Cu-Cr 1.853% ribbon swept up
zones were found after lower temperature anneals compared to the
Cu-Y 0.18a1%B 2,331% ribbon, illusirating the beiter efficiency of YBg particles in
grain boundary pinning, mainly due t0 their slower coarsening. However, in both
cases the kinelics of grain boundary coarsening are much more rapid than those of
bulk, permitting the grain boundary to move along by pinning and unpinning
leaving behind a distribution of larger particles.

Eigure V.29 Swept-up zones in Cy-Y 0.1831%B 2.331% ribbon heat freated 48 h at
900°C (g) and Cu-Cr 1.8521% ribbon heat treaied 24 h at 400°C
- showing the resuli of the unpinning-pinning of grain boundarles on

the parlicle distribution.
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In the copper-boron ribbons, before the amorphous transformation, boron
particles were found onfy along grain boundaries and cell walls. Equation 36 should
therefore be modified to consider the preferential arrangement of particles. The
effective volume fraction of boundary pinning particles can be estimated knowing
the grain boundary area fraction. Flve hundred particles were observed per square
micton of grain boundary In the columnar region of the Cu-B7.331% ribbon. Since
the average particle radius was 13 nm, a critical grain size of about 0.1 ym Is
calculated. Smaller grains will grow to this size while larger grains will remain
pinned. As the as cas! grain size was 0.4 pm, it is clear that no grain growth can
take place until conslderable particle coarsening has occurred. It was shown that for
these ribbons such growth can initially 1ake place locally, following the crystailization
of some of the amorphous boron particles (figure IV.5) where the volume fraction
and the size of the amorphous pinning particles ts decreased.

3.3 Summma

Quantification of the dislocation density or the proportion of parttides situated
on grain boundaries and the estimation of the F(r)D product help 10 understand the
solute transport mode which controls coarsening. For a glven temperature and
volume fraction of parlicles, there is a critical dislocation density where higher
densities favour pipe diffusion controlied particle coarsening over bulk diffusion. The
combination of an estimation of p. and F(I)D proved 10 be helpful in delermining
the rate conteolling transpont path. These considerations become Important when
processing the rapidly solidified material, as for example during low temperature
extrusion where the high dislocation density induced by deformation might promote
pipe diffusion coatrolled coarsening.

Coarsening of chromium particles in binary Cu-Cr 1.B521%6 ribbon was found to
be bulk diffuston controlled. The coarsening kinetics were Insensitive lo Lhe
presence of a third alloying element.

Yttrium was found to diffuse al a rale close 1o thal of chromium in copper. The
large differences in coarsening rates between YBg and CugY partides were attributed
to the boron rich off-stoichiometry of the ternary alloy, and not to differences In
coarsening mechanisms. It was shown that the thermal stability of dispersion
hardened alloys can greally be enhanced, for an AaB[! compound when: (a) the
composltion of the alloy is In excess of stoichiometry with respect to the faster of
the two diffusing species, say B. (b} the compound bhas a high energy of formation
and; (c) the compound has a high /o ratio.

The nature of the dispersion can greatly modify the kinetics of particle growth.
Amorphous boron-rich partices were found in rapldly solidifled boron-contalning
ribbons. The coarsening of these amorphous partices was unexpectedly slow;
hindered by the difficulty of solute precipitation on the amorphous phase. Stability
of these alloys was not determined by coarsening but by the transformation of the
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amorphous parlicles. The rate of transformation was determined by the degree of
solubllity extenslon which depended on casting conditions or on ternary additions
which may limit the solubility extension of the matrix.

Grain size for the rapidly solidified ribbons studied was stabilized by grain
boundary plnning particles, as predicted by the Zener equation. However, because
of rapid grain boundary coarsening, pinning particles become less eflicient as their
size increases during annealing. Thelir Increase in size decreases the retarding force
leaving the boundary free to migrate. The boundary will thereby move a short
distance before encountering other smaller parlicies which hinder ils growth. Thls
unpinning-pinning process was observed to varlous degrees In most of the ribbons
studied. As ithe grain size decreases, because of faster casling speeds or higher
solute concentration, a higher voluine fraction of grain boundarles will be found in
the as cast material. In consequence, the proportion of particles coarsening by drain
boundary diffusion will increase, leading to faster overall coarsening. Therelore from
a thermal stability poini of view, it would be preferable to obtain rapidiy solidified
matetiais with large grain sizes.

Grain boundaries act as solute sinks during coarsening. h was shown that
solute (rom dissolving particles close to the boundary will preferentiaily drain
towards grain boundary particies.

In bimodal particle distribulions the coarsening of the fine particles can be
considered 1o be unaffected by the larger particles as long as their spacing is much
smaller than that of the larger parlicies.



CHAPTER 6
Conclusions
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6. Conclusions

Rapid salidification was used to obialn ricrocrystalline high strength high
conduclivity copper alloys. Melt spinning enabled the production of small quaniities
of such alloys for which the microstructure, mechanical properties and thermal
stability were examined. A methodology for appropriate choice of solute was
established by making use of the advantages offered by rapld solidification and
taking Inta account the requiremnents far conductivity, strength and thermal stability
which were initially sel.

The nature and distribution of the strengthening phase, casting conditions and
alloy compasition were all found 1o affect the overall quality of the alloy. The rate of
microstructural and mechanical property change was found 1o be controlfed by the
transformation, precipitatlon and/or coarsening kinetics of the sirengthening
dispersion.

Melt spun ribbons of many alloys contalning less than 5¥0l% dispersion had
fiow strengths close to or above the 500 MPa, which was the objective. This
demanstrates that rapid solidilicaion was an interesling production method for
capper alloys with high strength and conductivity. Fine particle dispersion is the
resull of precipitation from a metastable supersaturated solld solution or solute
microsegregation. Calcium, chromium, yitrurn and zirconium were used as solutes
for precipitation; and boron and metal borides of nickel and yttriumn, for
micrasegregation dispersion hardening.

Copper-chromium and zirconjum ribbons, 30 pm thick, showed solubtiity
extenstons up to 2.5 and 0.331% respectively throughout the rsibbon thickness The
solidification rale during ribbon formation was fastest at the the wheel contact side
of the ribbon. Within this region, some solubility extension of boron and yttrium
was possible. For the the rest of the ribbon thickness and for high concentrations of
chromium or zirconiumn, the ribbons were composed of a fine celiufar structure,
with particles decorating the cell walls and graln boundaries. Copper-chromium,
cobalt and iron boride alloys showed liquid phase immiscibililes. It was suspected
ihai the presence of boron rnodified the eutectic copper-metal reaction o a
monotectic. Titanium and zirconium diborides were practically Insoluble Ia liquid
copper at temperatures of about 1500°C. Up to 2v0l% of YBg and 13voi% of NizB
were finely disiributed in a microsegregated cellular manner by rapld solidification.
The volume fraction of dispersion was limited mare by the solubility of the
dispersoid in ihe liquid phase than by the solidification factors, which were more
important in controlling the fineness of the dispersion.

The drain slructure of ribbons was dependent on the wheel speed and the
salidification interval of the alloy. For alloys wilh large saolidification iriervails, melt
spun ribbons usually had three distinct zones and ribbon formatlon was
momenium cantrolied. For small solidification intervals, 1he ribbons had a columnar
structure and their formalion was heat transfer controlled. Kinetic conditions of
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sofidificalion proved helpful for the prediciion of solid solubillly extension of
different solutes during rapid soltdification. Solutes having large Cg " showed
metastable solubility extension.

Under the conditions imposed by high conductivity and by a large volume
fraction of second phase particles, to be obtalned by precipilation from
supersaturalion, i was found that the alloys were limiled to those based on
copper-chromium and zirconium.

The fiow strength of as casi ribbons was shown 1o be dependant on the
volume fraction of second phase and on the microstructural refinetnent produced
by rapid solldificafion. The evolution of properties with temperature was directly
telated to the kinejics of microstructural change. The largest contribution to
strengthening was due to fine padicle dispersion and grain size refinement was not
found to contribute significanily. Where a homogeneous distribution of particles was
found, the strength could be explained by the Orowan mechanism as expected for
patlicles which are not cut by dislocations.

Rapid solidification of boron-contalning alloys resuited in the segregation of an
amorphous boron-rich phase on solidification celi walls. The coarsening of these
parficles was unexpectediy slow and was due to the difficulty of boron predipitalion
on lhe amorphous phase. Stabllity of these alloys was not determined by
coarsening, bul by the transformalion of the amotphous phase to the stable
crystalline phase. The rate of transformation was determined by the degree of
boron supersaturation, which depended on either casting conditions, or on ternary
additions, which limjted the degree of solubility extension in the matsix.

The addition of zirconfum, magnesium or titanfurm in less than 0.3 at% 1o the
copper-chromium afioy, modified the age hardenabillty of the supersaturated
malerial. Sflicon addlfions had no effect as expecied. Upon agelng a uniform fine
distribution of chromium parlicles was obtained where the size of the dispersion
was dependent on the alioying addition. Coarsening kinetics of these particles was
insensitive to the presence of the third alfoying element. The activation energy of
chromium bulk diffusion was unaffected by the presence of other solute atoms in
the alloy, showing that the differences in mechanical properties observed during age
hardening were noi due to a modiflcation of the transport mechanisms. The third
elemettt led to changes in the aspect ratfo of the chromium parlicles during the later
stages of coarsening; zirconium additions tended to keep the particles spherical,
while titanium addiions exaggerated the cgar-shape morphology. Additions of
zirconlum and magnesium modified the precipitalion sequence of the
supersaturated alloy. The finer particle size distribution observed at peak strengih,
was the result of an Initial homogeneous metastable precipitalion of a complex
Intermetallic phase. Thereafier it decomposed iInto bece chromium giving a finer
dispersion, in comparison to the binary alloy. Zirconium proved 1o be the most
effective of the alloying additions increasing the maximum strength of the atloy. The
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optimum zirconium concentration was cose to 0.3 at%, Additions of magnestum,
like zirconium, Increased the peak sirength of the alloy by the maodification of
precipitation, but its effects were 10st during high lemperature anneals. Titanium
additions reduced the age hardenability of the ribbons to levels below the binary
copper-chromiurn alloy. The existence of oxide particles in the as cast ribbon
provaked heterogenecus nucleation of bce chromium on these particles.
Homogeneous precipltation was limited, resulting fn a coarser particle size
distribution at peak strength consequenily reducing the strength of the material.

in microsegregated ribbons, interparticle spacing remained the most important
parameter fn strengthening. Particle size in these materials was Jarger than that in
peak aged precipitation hardened ribbons. Their localization within the cell walls
reduced the voiume fraction of hard zones in the mairix as compared to a uniform
distribution of finely precipitated particles. As a result, for the same volume fraction
of dispersion, ihe maximumn strength of precipitation hardened ribbons was
considerably higher than microsegregaied dispersotd hardened alloys. For the same
malerial, the strength increased with the square root of volurne fraction.

The relative importance of dislocations or grain boundaries on the coarsening
of the particles was found to depend on microstructural parameters such as
dislocation density, grain or particle size, and on annealing terperature. A method,
based on rmicrosiructural obsefvations, has been established to identify the
transport path which dominates during coarsening. The estimation of the F(r)D term
for each of the transport mechanisms enables the determination of the dominant
transport mechanism. Dislocation pipe diffusion may become important for
dislocation densities larger ihan 1. This analysis may be applicable when the
microstruciural changes are to be predicted under different processing conditions.

The diffusivity of yitrium was close to that of chromium In copper.
Off-stolchiometric compositions of lemary alloys, rich in the element which {s not
rate controtling, decreases the solubility of the rate controlling element thereby
increasing the stability of the alloy by decreasing the coarsening rate of the particle.
The cholce of dispersold was restricled compounds with a small AH? .

Amorphous boron-rich parlicles were found in rapidly solidified
boron-containing ribbons. These particles coarsened at a negligibly slow rate, which
is believed to be due to the difficulty of interface transfer of solute. Boron dissclution
from amorphous particles was rapid, but boron precipitation on the amorphous
phase was slow. Stability of these alloys was determined by the transformation of
the amorphous to the crystalline phase. The rate of transformation was determined
by the number of boron crystals appearing during heat treatment. This number was
constant over the time during ransformation and depended on the degree of
solubility extension of boron, itself dependant on casling conditions or on ternary
additions.
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In bimodal partide distributions the coarsening of the fine particles can be
considered to be unaffected by larger particles as long as their volume interparticle
spacing is much smaller than that of the lager particies.

Grain boundaries act as solute sinks during coarsening. During coarsening,
solute from dissolving parlicles situated close to the boundary will preferentially be
dralned towards grain boundary particles than to other neighbouring particles in the
bulk leaving a particle free zone on either side of the boundary.

Grain size was stabilized by grain boundary pinning particles. Rapid grain
bouadary coarsening of these particles reduced their effectiveness, decreased their
retarding fotce and leaving the boundary free to migrate. A higher volumne fraction
of grain boundaties Increases the proportion of particles that coarsen by grain
boundary diffusion, leading to faster overall microstructural coarsening. As the grain
size contribution 1o sirengthening in these materials was found o negligible, it
would be preferable to obtain rapldiy solidified tmaterials with larger graln size,
limiting grain boundary coatseriing and using more efficienily the dispersed
particles. This should be taken in consideration, if possible, during choice of casting
conditions or processing route.

This work has enabled the establishment of a seres of guide-lines for the
development of high strength high conducilvity copper alloys by rapid solidification.
li has demonstrated the usefulness of this technique in producing novel alloys with
specific characteristics. However the use of rapid solidification requires a careful
approach to processing condilions and alloy composition. It was found that many of
classical metallurgical models used (o explain tmechanical properties and
microstructural changes are applicable for rapidly solidified alloys. The imporiance
of microstructural analysis to a localized level, and the used of these models at that
level, should be emphasized in order to explain the specific metallurgical
phenomenon in question.
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Annex 1

Calculation of the effective radius of coarsening based on Wagners
_ definition of 1,5 [83] for cigar-shaped particles

A T

dv

ds

Where V is the volume and S the surface area of the particle, all other
parameters are defined by the above figure. For the surface area:

S = 2nw{(t-20) + 4n®@ > = 2n@T
and for the volume:
V =4’ + n0’(r-20) = 70’1 - 400

ey = 2

Deriving the above equations:

dS = 2nwdy + 2rtdw = 2x{(wdt + dw)
and
dV =n@’dr + 2zmtdr - 2n@°dw =awidT + 2nw (1-@ )dw
Dividing dV by d5 gives:

2dr -
gy m@idr+ 2w (-w)dw g 20 TP

dS™ op(wdr+ wdm) (Hm_ci:r,)

Since 2@V =T deriving gives “di=20 and substituting:
dV_ &I221) +20(1-T)
ds 2(r +@2v)

w(371-20 w3v-1
Therefore zgg'— Loy = ¢ 71T )= (2 v )
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