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Recont international investigations into new advanced materials have shown that the o
intermetallic compound, RuAl, possesses gmmismg characteristics for tigh-temperature use

mmmqnmemmpﬂeimopﬁmﬁapmdﬁcﬁoqofthismoy,mmdmﬂnding_

of the Ru-Al 'syism'm iy necessary,

' This investigauon assesses the validity ot‘thoexianng phnse ﬂiagrww for this systcm, using
optwal ‘microseopy, scanning electron microacopy, x-ray diffraction, and explomw:y R
' the_rmal analysxs. It is proposed that, below 50 at% Ry, the phase diegrarn consists_.of a

cascade of periteetic reactions,
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. THE RUTHENIUM-ALUMINIUM PHASE DIAGRAM

Tracy Disne Boniface | | | | |
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In 1963 Schwornma™ stated that he obtained a mixture of RuAl, and RuAl in samplos
cantulning 33.3 at% Ru by a slbw cool from 1750°C 0 1330°C over 3 honrs. which ho
~ stated ngreacl wiih Obrowski's phase diagram, Further information regarding the heat
treatment wag ot ptovided. The specimens were used for X-ray investigations. He also
rcwrded the possibﬂity of pmblem with contamination ﬁ'mn silicon and oxygen,

, In. 1965 Edshammar™, without referenice to Obrowskd's work, investigated the crystal :

© - strwotors of Ru,Aly, He campared Ru,Aly, with Fo,Aly, and found the sume pristatic

twiried stvuctucs, sod 80 deduced the ruthenum-alumintum inteemetallic to have dis same

: cryst'al slrucﬁxro He found that Ru,Al,y had similax atomis co-ordination numbérs o

' Fe,Aly, but was more similar to Os,Al,, He also found tha . nbmns were absent from |
somno of he s in Rl Whish wero partaly (30-70%) oceupled by Al in oAl and
Co,Al,. He sald et FoAl Is the ideal composition of FeAl;, and henco it has besn

assumed that ho considers RuAlys to bo the ideul composition of Obrowski's RuAl,

A year Inter Edshammos publishcd an X-ray inw.sdgntiun of this systcm"‘ He Jdcatified
the phauses Ru,Aly, RuAl, Ru;Al,, RuAl, and the extra phage RuAlyg, using Xotay powdsr
methods, The phase RuAl,, was enly observed in the urc-melted samples and not in tho
- heatetrsated ones®, Table 2.2 is a st of the phases found in Edshammar"s samplest”,



Table 2.1; Obrowski’s Samples™.

Ru Content (a1%) Phasey Present Eiched Colour of
' (According io Obrowski) : Phoss
e e = =i
96.3 Ruerich solid solution - - white
Fia 19" _ ]
8 ~ Primary Ru-rich solid sclution white
~ HIG 12 _ RuAl (enteotic with Ru-rich solid) | ~ black
61 * Pritmary RuAl white
HG13 Ru-rich solid solution (sutectic with black
' : : RuAl) - o
3 RuAl datk prey
FIG 20 + white
33 Priuiary RuAl whits
- FIG 14 RuyAl, dark grey
3 Primazy RuAl whits
FIG _21 RuAl, black
23 _ Primary RuAly black
. PGS 18 RuAl; (eutecte with RuyAly) white
. RyAl, (transformed from euteotic) grey
19.3 Primary Ru,Al, . blck
FIG 16 RuAl (eweata with Ru,ALy) whits
RuAl, (transformed from Ru,Aly) ey
193 Ruw,Aly in suteetic black
FIG 22 (local Rudly in ettectic whits
Aren at high mag) | RuAl, (ransformed from Ru,Aly) geey
13795 RuAl, (needle-like) gray
Al (eutectic with RuAl,) black -
03 ~ RuAly, (entectie with AY) white
FIG 18 Al . black
s = L e T S
'ObM's ﬁgum numbers



RuAL as well 2t Alich plase bogndary of RupAl.

'fab!b 2.1 containg a list of the samples which .Obmwsh depicted in his publication’,

together with hi* igare sumbors, the phases Ideatified, and thelr eiched colour, Most o the
samples wero etched with Murakami's rsagén, sxcopt for the sample containing 963 at%
Ry, which was electrolytically etched with & 10% KCN solution usmg m_anemung

. cosrent,

Obrowski statéd that the smnﬁlus wers "sﬁbjected to various et teontments", but i not
give spocific dotails, witich makes bis work vocy diticult 1o follow and verify, Tho only
depleted microstruature for.\,v'hlch he did speoify the heat treatment is the sample containing
963 at% R, This alloy was ansealed for two hows at 1800°C. The oaption for the other
ﬁguros stated “yolidified in crucible™, except for that of the samplo contnhﬂng 33 nt% Ru,
witleh stated "slowly solidified in orucile”,

Ic can be seen (in Table 2,1} that the colours of the phases are Inconsistent, even though
they wery nupposedtphavobeé_netched with the same solution. For example, dmphué
RuAl, Is grey in ono sample and whit in anoiher; Rual is black or whits in difforont
" samples, as is tho Ru-cich aolid solution; Ru,Al, is black or dask groy, The Iatter result
coumﬁe_dumuifremntmhingums. |



. phase. He. stated that the Al-rich phases are lima cdmpounds Le. they do not exist over
dxscemabla ranges in composntlon He eould not find any detectable solubility of Ru i Al
but detarmined the solubility of Alin Ru to be a ma:dmum of about 4 at%* at the eutecuc -
temperatute of 1920"0 & 20°C. Thq sutectic -cmnposiﬁon, con'equndmg 10 t}w rea_cr_lon L
5 RuAl+ Ru-tich solid solution, was found to be 70 at% R_u; RuAl was found to melt
congruontly at 2060°C and 50 a1% R, and ero is a peritectic reastion at about 1600°C

- and 40 at% Ru to form .Ru,Al,. {L + RuAl ~ m,,. Both RuAl und Ru,Al, wers found:
1o have wide compOSIﬁDl'l ranges (up 09 %), However the latier compound was found
10 be tinstable at lowor temperatures and decomposed eutectoidally at nbout 1000°C to form

 RuAl nd RuAL, Obrowskl also proposed thiat the componnd RuAl, molted congruently and

formsd » eutectic with Ru,Al, at abaut 1300°C on hs Ru-rich side. Below this temperaturo
fe observed the formation of RuAl, vis a peﬁtoctoi_d reaction between Rudl, and RuyAl,
(depioted as occuning at 1200°C in Flgurs 2.2), To sccommedate His observations and
above-mentioned proposals, Obrowskl suggested that RuAl, formed via & peritectoid
resction between KuAl, an? Ru,Al, nt about 1100°C (Figue 22), B |

Obrowski proposed that the phase RuAi,g' 15 formed. via paﬁlecli:_: reaction involving
" RuAlg (Lo RuAlg ~+ RuAly,), The reported coarse needle-llke strupture of RuAl, was taken

t0 fudicate that the phave is apnmnry 6;1.6.'Tha' ﬁhal reaction wag said to be the formation
of a sutectle mizture of Al and RuAL, with the emtectic point at 0.5 at% Ru, near tho
~ melting poiat of pure wuminiym, Obrowskd stased that o was wnsure of the solid stats
| relationships in the roglon 20 to 40 &% Ru; thin includes the fomation of RuAl, and

Al corapositlons ute expressed in atomic percettages



. Figure 2.2 depicts Shunk’s' interpretstion of the information provided by Obmws!d,.aﬂd
is much clearer than Obrowski’s original diagram, although the information is the same,

R li‘igure 2.2: The Ru-Al phase disgram as lnterprewd by Shimkt".
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Obrowski's" published phase diagram comptised two congruently miclting intermetallics,
| ~ thres sutectic renctions, two poritectic reactions, two peritectold reactions, and a entectoid
regction, Tho phass diagram s described below 4n his terms, working from the othenkim-
rich end. | | |

Obrowski®! proposed the oxistence of six inténnpiunib' compounds in this sysiem: RuAl,
Ru,Al, Rualy, Ruly, RuAly, and RuAly,, but was vasure of the composition of the latter

4



Various workers have studied the ruih_e:tium-ulmpinium systum and the results have been
dissimilr, This_mviéw.has been divided Into sections pertaintng 10 the different areas of
the mseamh,- to ad comparison, and tha'.widely dii’fering 'manufacﬁn;i’ng' techniques

employed by the investigatars. a B

2.1 Phased sind Phase Relatjouships

The first mﬂ:enimn-alumiﬁiumphnsédinmm was published in 1963 by Obrowski®® (Figure
21), wd wes bused upon orperimentsl obsorvations. Mictostople, Xay, and
thormontslytioal techniques wers employed o dotentine tho compositons of the phuses
and their plines relationships, ' |

Figure 2,1: The Ru-Al phass diagtmm as deawn by Obrowski®,

Vevorn™ g




muthods of rﬂanufacmm, and the available wchniques mét:lbgd in inhomogenebus samples,

Atteinpts' at homéenisation treatinents? ‘were largely unsuccessful due fo the very slow
diffusion rates uncountered rs thig system. Hi;gh mearamm mvestigations wers mited by
lack ot‘ suimbla equipment. | |

The ‘available - Htersturs has been reporied and reviewed, The alloys used for this
investigation w::m. masufactared in vnr_i&us ways, but most wbrc melted in 8 hu&on are
furnace, Chamcterisation of the alloys wﬁs undertaken using optical ﬁiﬁroscopy, sconning
electron migrscopy, enetgy dispersive analysié of X-rays, and Xerny diffraction

experiments, The vesults are prosented in two chapters; the first covers the higher

alustiatum content alloys, and the sscond covers alloys with 28 21% to 50 #1% rutheniom,
(Investigaﬁbﬂs boyond tha's‘c} qnmpo.sitloﬁé were ndt. n&ca'.ssmy, since there is only ons
© reustion n the hi'gh ruthenium region of the phase disgram.) Finally, a phase diagram is
proposed with the modification of a cascads of ;ﬁeﬂtuétic renctions on the Akrich side of

. RuAL

At an intermediate stags, the wotk was presenied ai the Blectron Microscopy deety of
 South Africa Conferenico 1993 (Berg-en-dal), The paper is contained in Appendix 1,



" Intermeallics are sofid-state ﬁhnmcal compounds which are formed between two (or more)

- menls. They often have small ranges of composiﬁon'aud the most nseful have very high

melﬁng points. These. compounds ate gcuerally brittle . at room temperatum, 2d npuch '
researc.h hag bcen conducted since the 19SOs into improving tlmirmechmucal propemcs and
investigation of possiblo high-temperature applmaﬁons

Interest in the Ru-Al binary system was provoked by Fisischer™, who'claimed that the
intennetallic compound RuAl, already known to h'm 2 high melting point..alsa- tud '

relatively good romn-témperamxe wughnesé. Rﬁub and Woppersnow™ had also shown'that o

it has high corrasion resistance ‘ver & range ot‘ aemperamres Diftionities with production
of these alloys™ necessitated 4 better understanding of this syatmn Uncotainty of the
_' odgmnl.phm:&agr&mm was instigated by & latet publicghon‘f'" which stated that it is
ineorrest. |

- The purmose of this invcstigaﬁmn was to determing the applicability of the publishcd phags
 dingrams®? 1o the ruthenium - alumintum system and to modafy these diagrams, if
necessary. A small part of the investigation involved a brief look at the crystal structures
‘and lattice parameters of the va;iqus intermefallic compounds formed by these twn

- elements,

The investigaion was made difficult by the inhomogenolty of the samples, which msul_ﬁed '
~ from & numiber of causes. The large difference in melting points of the elements 'limi'ted the
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Rdshammsr's obsesved values wers repotted. to sgree with calculated date®™, He also
predicted the interatomic distances (Tablo 2.7) in the RuAl lattice.

Table 2.7 kuAlg interatontlc distances @A), as caleulated by Edshmnmax‘”. |

Atomic Relationship | Distance (A) | Atomic Relationship | Distance &) |
Ri- 4Al 257 Al- 24l {260
2 Al 1264 24l 268
4 Al | 1Al 273
ARu 30 S 2Rw | 257
"2 Ru 273
481 1320

Edshammar covld not ubtain'singlc ci-ystal_s of RuAl, The structure of this phage was sot
t.tetmined, but the comesponding reflections were Histed (Table 2.8). '

Table 2.8; RuAL, . reflections obtuined by Bdshammar (CuKet)™,

i srmmel Lbl . . sinzem s
 medlum . 00237
medium _ 0.0390
weak - 00557
strong 0564
- medivm 0.0570

1t shotdd be noted that the lattice structures and parameters determined by Bdshammar'®
contradict those reportod by Obrowski®, The conflicting published results are summuatised
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Table 2.6: Comparison of Edshummer’s RuAl Guinior powder patiom. (CuKa)™ and
Schwomma's RuAl, rotating crystal data (Cro)™, L
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| Talile 2.5: Edstismmar's RuAl, 5 Guinier_puwﬂe;- pattern (CuKoy,) - annealed at 1100°C™,

0 Tk | sinf hk! -
I wedk | 001160 | 002
medium 004630 | 004
strong 0,06547 101
" medium 008856 | 103
' suong 10,2517 110
very stong | 0.13483 105
mediom | 07140 | 114

 Both Bdshammar® and Schwomma™ published diffraction data for thy compound RuAl, °
(Tabl 2.6), These twe workers roported that the phas has & TiSY, stawcture type with Fadd
symmetzy, Schwomma's dat I similas to that obained by Hdshammas, the oaly noticesblo
exccptlonbehzgﬂm (8 1 3) plane in Edshasnmar® sdatawhichncm in the sampoddon
in the table as the (3 1 3) plane In Schwomma’s resolis, Xt appoars that the reported (8 1
3 planc is & misprint of (3 1 3) for two Tegsons. Riraly, the former js & very high index
Iing nnd should thus b rehorﬁed much 'Inmr_ in the 'tﬁble. (The Hnes usuaﬂy nppem.- in
approxinuats ascending order of (K + K + 1)), Socondsy, the plane spacing (0) wes
: éainulnte& for both sets of indices, and only that of (3 { 3) mawhed with._t?us obmvad
Valug, ‘The test of tho (h k 1) values are in agroement, hut_ tho sin?@ val '.fles__db not snatch,
becwwse difforont radiations wero weed. The plano spacings weo caleulned from the
abserved sin'd valuss, and thess wero 8 very olose match for the two sots of ata (Tablo
z.s).méfmmpmdmm:ywummm aze tho saune or aasler, Tho Jack of Bigher
order poules in Edshammar’s data is possibly due to the technique which was unployud
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Tablé 3.4; Edshammazr's Ru,Al,, Guiser powder pattom (Culo),

RRL | o T
RO 001144 " very wonk
11 L obe weak

11 1. obtmr O wak

0t 00188 “very vesy woak

i 20a 1 cemsse | veywe
1 003442 ntrong
209 . oevEr | worg
820 | omsuss madium
003 0.03626 g

01 . - 003773 el

021 003046 | veywek.
400 00464 stoong -

402 ' 004198 strong
250221 ~0,04582°  very strong

022 905154 " strong

A01113221/2 224 03 ~0.05380 . very wong
) 203 D.03854 very weak
204 © ogsnz very waek
004 06458 very wesk

22z 0.06982 very work

223 007026 very week

023 : 001775 ——

Edahmmuagdﬁcalmﬂawdsin’evalm&wﬂwkummmpmd,mdfomdgo&l
‘agroement with thoso observed®, | '

*Bdsharan; g displnyud some values as approximates since they WEIS an average
veflection from a mumber of planes
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Obrowski®, Edshammar™, wnd Schwomma™ undettook structurel stadies of the.

compounds formed {n the sothenium-ahumsinium system, Edshammar used & Guinior
~ focusing camera with CuKul radiﬁﬁoﬁ to dstermine the cell dimensions of the compounds,
and employed the rotating crystsl method in a Welsseuberg camera with molybdeorn K
radiation to investigats the symmatry in the lattics structmes®™, Schwomma™ also used a
rotnting crystal mathudfarhis smdy of RuAl, but made use of chromium Kot radiation;

ﬂswmwwm,,.uwmwmw,isgmmﬁm
2.4, WWWMWM&_meyohmmthmm'hmMm _
mmmmd'mmmwmmmmmm. and there was very good agresment
mmmmmmmmmmcmmesmmammm

: _mmwmmmmmmmMcmmmmm

The Luss s1s% valu doos 5ot it tho trend of the other values in Tuble 2.4, The calonlat.d
valus (from the Miler indices) is 0,07170, has the fotmier s thanght to be & misprint of
007175, | | |

Bdshammas ationpied to obiain a single-phase semplo of RupAly (RuAl) by ancedling a0
oy containing 40 % R at B00-1200°CH, According to Obrowskis phase dingram, heat
treatment of this alloy sbove 1000°C should have resufted in the dosired microstructure.
However, Edshammar’s attempts wefc unsucepssiul, .agid. the diffmction pattern of RupAl;
(Table 2.5) was.obtnined.af_tojr s'ublmcﬁng the spectrum of the still-'pre'snnt RuAl, N
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Figure 24: Variations of the ALtich end of tho Phaso Disgram,
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The structures and paramotets of the eismental components are shown in Table 23, The
d-spacings can be found in Appendix XX, |

Table 2.3: Crystallographic dat of the elomentst?,

ATt T e
ELEMEIT Rp Al
'STRUCTURE | Close pucked | Fago centred
' hexagonal cublc
LATTICE g | 027058 | - 040404
PARAMETER (un) | ¢ | 042819 |
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phascs aro beyond the scope of this nvestigation, and will not b discussed any forther,

 Avlage sndertook Diffsreatil Sosnning Calorimetst (DSC) meamurements on four alloys
1 obtsin the reaction temperatures., At various compositons ho identified peaks
corresponding m'dxé_smhlea.-am+m-ﬂch)mﬁéawﬁz°c. the peritectic resction
| '-L+Ru;Alu — Rudl, (723°C), and for the Hquidus, At faster cooling rates of 20 thin"
' (us opposed-to 10 K mint), RuAl, could not form peritectically, and insiead fcmned bya
euteetio rction at 632°C. Hgdiw between peritectic roaciions and crossing of
monqumbymmamepeaks,mdmeirpmmoi-absema.dnueaungnnd
euoling.!_iﬁassnmedthntonheaﬂngannnoy, meiiqdi&usﬁmwnuld-bemissedbemuse
_ thcanmﬁntuﬂhamelﬂﬁgspucinsﬁoulddemmsmadﬂybmandsonodimable
final resction conld ocour, On cooling thers wonld be 8 continuous deflection starting at
the iiquidus andnnding when solidification was complets, Conversely, a peritectic reaction
would always be prosent, on both heating and cooling, and would hnvo a distinct sharp
peak, From thege deductions e was able to identify the pesk at 1403°C ay belng )
perlicatic peak (after hid alloy was pro-anncaled at this temperatare).

~ Anlags's dlagram and the shuminiam rich end of Obrowski’s dingram are shown together
in Figure 2.4 for ease of comparison,

14



Aatage employed soanaing elestron micsoscapy, X-ray diffraction, snd thermal spalyss to
| _detem% hiz phess diagtnm.. The phass dlagram depicts the formation of RuAly 2t |
1403°C via n peritectic reaction; the peritectic formation of‘ Rudl; at 723°C from Ru Al | |
and  enteoti reaction between RuAl, and Al at 652°C. Accondingly, il of his slloys

below 20 at% Ru coutsine tho phacos RuyALy, RuAl, and AL The phaso analyses wero

obiained using standavdless cnergy dispémhe X-ray (HDX) analysis. He found that R Al

contained 24.1 at% Ru and RuAl, contuied 15.9 1% R, and assumed the stlchiometri

compositions 0f 23,6 and 14.3 11% Ru for RuyAlLs and RuAl, respectively (Figure 2.3). Tho

sample containing 10 a% Ru contained needles of Ru,:Als with a peritectic Inyer of RuAly

around them, when cooled at 1 Kpuminuté@ﬁb%w,ﬁhmmhdat%ltpuminuw,-
the RuAl had not formed arousd the needles, Anlago consluded that the “formation of

- Rudlg s a very sluggish weaction which is bypassed st the eoolingmw of 20 K min*,

Ho stated t’liatmp periieotc grow:. of the RuAl, phass was continous, aid that of RuAlyy
s along.atomic tedgos. The different growth mechanisms provide different morphologies

1o the phases; hencs Ru,Ab 18 fhostied and RuAl Is nonfacetted (allotriomorphc). Th

phase RuAl,, was not observed in this investigation, even at very siow ¢ooling rates of 1

K per min,

Itis inteeosting to note that Anlage aduwiued the difSicalty in obtaining homégouelty in s
alloys. The Al-rich solid solution was preseat in sotme Mghﬁ' Ru content alloys (20 at%
Ru), and R, Al was also found whers it should have besn decomposed periiectically (L
+ RuyAlig - RuAl,). Anlage staics that Ju his mechanical alloyed powdets ki detected the
presence of an amorphous metastable phase®, Ho also eports the formation éflcosahedral
 phases in the region 2,4 10 23.5 at% Ry by mpid solidification™, However, thess motastable

13



hours and quenched ia watet. In his conclusions he md‘ that "the metastable AJRu phase
was abserved in the alloys"™, Ho presumed that num. Wa3 metastablp o the basis of
Obrowski’s work, Varich found that, when cooling from 1400°C at 10° dog.s™, the
: solubﬂity- uthl in the Alich solid solution increases Hnearly with composition 1o a
‘smarirum of 323 at% Ru, Maximum solubility as a sesult of superhent was obiained at
1360"0. Varich a]sompmwd that the melastahle solid selutions have high bond forcea,
| s have “cansiderable thermal smbility', |

MI%BAﬂnmmsmdmwBMdchendothmmﬂsphuedhgmmishmmd'
pmposedmodiﬁcamforthammmha!owzﬁat%numgureM)

mmm:m_ammmdby Anlage®,

, VG pnvmmirrmy

7Y

1900p
b
1195_
ot

$ouk

T TEMPERATURE IG)

oo

e
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Additionally, the formation of Ru,AL, during heat ﬁeatment also indicates a geaer stabiiitj |
than .QbroWski'_.s reporied lower ¥mit of -1006"_(:“‘!. The smnplés containing 14. at% and
. 20 ﬁt% Ru consisted .only of Rﬁ,,Al;,ﬁ and Al after urc-melting, According to Ohrbwéid’s
phns_e' diagtam one would.expect to ob#erve RuAl; and possibly Ru_Al,_z in these smnplqs "
a3 well, .Edshammar’s results may reflect lower temperaturos of fo_rmntién for RuAl, and
RuAl,y than was suspected by Obrowskd, which rendsrs them more difficult to form with
the given heat treatment. Edshammar also claims to have observed "onis o more additional
CsCl-like phases around the composition RuAl"‘” in gamples heat treated between 800°C -
 ' _ md 1200°C- but no comprohensive -X»ra;,- uatawas reported, He suggested thatfurtherwark |
“ at sbout 1000°C was necessiry to dcduee the phase mlatmnshlps in tho cenizal part of the
phase dingram He thoughs that part of the protlern with interprotation could be due to stow

reactions and possible contamination of the samples,

In 1968 Edshammar extendcd his mvesﬁganon of the Ru-Al system to incorpomte the
phase RuAL, His samples contained Jess than 23 at% Ra and wers aro-melted, annealed |
at 660°C, and then wam—qumched..'lhe phases Ri,Alyy, R-uAl,,- and the Al-ich solid
'sﬁlution were obsorved, but ﬂw samples did n&t contain RuAl, This may be because tﬁe
: tempemturc of fomation of RuAll,, is actunlly lower than Obmwski proposod. or beoause

the phase doos not ex:st. -

| I 1973 Vzirlch““- contiuctéd an Investigation intdtha sffecty ofrapid solidiﬁraﬂan on the
. solubility it Ru-Al alloys. He used. alloys conmining less tlum 4,16 m% Ru nnd gocled
* them at 10% deg.s™, Varich determined the equilibﬂum solubihty of Ruin Al to be less than
0,03 at%. This value was obtained ﬁ'om samples which had been annealed at 650°C for 50
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It cat e soen that RupAl, s nok presontin any of the arc-melted sarmples, ot formed fer
the anies] at 950°C in sarmples betwoen 36.36 - 44.44 at% Re, In his text™, Edshammar
. smbiguonsly states that RusAl ﬁdﬁﬂlydescu‘bedaskﬁ&@wasfcﬁﬁediﬁlmttmaﬁed -
mwsmmmm@mmmmmmmng.mwamm
ummmmmmmmmmnmphmﬂummwmpmm.m_ '
ot reflect such  transformation, '

The RuAl, phass was fgund to foom (whero it had not bxi_s@ bafore) in allogs in tho range |
27 - 3077 at% Ru. Tt appeared 10 be stable over & wids rangs of temperatures (s, found
before and after 'hcat trestment) between 33.23 and 44,44 at% Ru, Ths phass RuAl 55 wns |
- found in the arc-meited samples in the coraposition range 27+ 33,33 at% K, Some phases |
found in the arc-melted samples disappeared with the heat treatment, These included: RuAl
(omotimes), RuAls, and Rudle The tast phase, Ru,Aly, is formed over a wide
... composition range of 14 - 33.33 5% Ru, whersas RuAL,. is fosmed only between 27 and

33,33 at% Ru, according fo this investigation, It 4 importam to sealiss that the composition
mngosquomdabmaremttheabsoluwﬁmimotﬂn?lmﬁolds,bmnﬂythe
compossm_of the alloys in this particular work. o

Ttnchmgosmsmmemdmwmacﬁonsmﬂmmunm.s.andﬂlescshouldbn '
eunsistemwithﬁaeRu-Alphasediagrm Thephasescbsorwdinthesumpleaeonmining
36,35 wt% %0 66.67 at% Ru, prior to heat treatment, agree with Obrowski’s phase diagram
| (Flgu!uz.Q.), Hlowever, the phase Ru,Al, was niot observed in the aro-smelied samples,
whetésr Obrowski's phass diagram shows its pesiteotic formation at about 1600°C. Thus

mpmm@xpacmobméethisphaséinmstmmples ofmaappmpdnmmmposim. )
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Table 2.2: Edshammar's Samples®,

Atomic % Ru| Phases identified | Phases identified after
| after axc-melting 1 week at 950°C
6667 . Ru - No heat treatment
~ - ___R“Al- A
. 5744 " Ran Mo heat treatment |
. N
5 | RuAl | Noheat treatmens
| | Rudl . - Rualy
4o _RuAI RuAl,
S RuAL,. | " Rual
- . RuAl?
36,96 Redl, | ReA,
S RoAl | RuAl
33.33 RoAl, .- RuAy
Trace RuAl ,¢
) mcemAln . | .
3077 | RuAl,y - | RuAl
- ’ R!l4Alm ‘
Trace RuAl,

28,57 " RuAlyy, | Redl

- . RuyAly ___Trace RuyAlyy

27 RuAl, © RuAl,
Rudly | \ Ru,Alys

__RuAl, Ru,Aly .

B

“ | Ruﬂlm | Noheat weatment

‘RuAl? refers to “CsCMike phases“‘" which Edshammar identified from the sample
powder d:ffmcuun patterns, _



containing ecqual .quamluds éf"potassium chloride and s&diu’m chiowide (which had
pmvbnxlyhmnﬁsswdonﬁmnlmnin{nmwnspomd-wtheﬂumu » pellets and
ruthe s powde, The furmace was prehbated to 1200°C ad the rgofble was tnsered for
sbout 10 minutes, Tho cruciblo was then trasforred to another fimace which bad been
preheated 1o 1000°C and wag fumiace cooled to approsimatsly 750°C beforo wator-
quenching. | o |

3,16 Sinter - Hot Isostatic Prossing (HIP) teckniquo

Another sampls, RuytAlyeb, was produced by melting sluminium pellots and compacted

Rupowderina sirconia crucible with 2n argon overpressurs, The reason for appiy_ing'a
\_ 'lﬂghpmmwaswmpmmdueameloasoémimﬂniumbyvapoﬁammm |
was heated 10 1520°C with an argon overprossura 6f 1 bar (750 torr), Afier 30 misas at
semiperatoee, the overprossure way increased 1o 45 bac (33753 tor) and the semperatire was
 held for another 30 miouiss, Tho temperature was thon reduced to 1100°0, which,
according to Qbra w&ki'n phase dingram (Pigure 2.2), Js in the solld state segion for this
cotaposition. This tomperasuro was Jso held for an hour and the smmple was farnace
cooled. The applied pressure was only diminished once cooling was complete, o

3.1.7 Industion furnace method

The wiloy Ru,,mh,-ﬁ was produced in wn Induction fornace in un argon atmosphere, The
aluminium pellots were rolled into discs and placed in a zirconia crucible and the rthonium
powder wad sprinkled betwegn the discs. ‘(he crucible was inserted into a graphite susceptor
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I

mmmm“m which was stable nt the high tempemtures reachid
(about 1400°C), Just afier the resction bad occurmed, argon was released into the chamber,

- 'I'heprcssme'wummwﬁmm)wmmemnﬁmummmmwmched.m :
- furnace-cooling, the prodhct was fowiﬂ to be fragile and dlssoclated, and 'w_ns_ thus

unsultable as a sample in this dnvestigation,

Since this procedure did ot yield satisfactory results, the produst of this method was
subsequently remelted in an electris aro furnce. The furnacs chunber was pumped out to

1 X 10% torr and flushed with argon twico. Tt was then flled with argon to just below
" stmosphesio pressurs (760 torr). Titaniin was again used 48 an oxygen and nitrogen getter |
' The compeict was then heated on thie gopper hearth and the current was slowly Increased
- vail it melied, The Icompact was then inverted and remelted, This sumple was again aro-

melted ¢ a Inter stage to heal  crack, which was produced while sienpting 10 Inoducs

stendn o che sample for an upset-annealing procedure.

3.1.5 Muffis furneco techrique

A yample of approximate nominal composition Ru:Aly, was produced in & muftle furnace
without o proteciive atmosphers, The charge consisted of an unusable Ru-Al alloy and the

. appropriate amount of slumintom powder. Thess wero placed in an alumina crucibls and

heated to 1200°C, The crucible was held at temperature for 10 minutos, fumace cooled to
800°C, and then air cooled 1 r0om temperature. ' |

Tho sample RuALyb ws melied {n an alumina cruclble i & rmuffle formace, A flux

!



'_§xhiblted Jow surface tenslon by flatiening and cracking upon caoling.
3,03 Liquid-phss sintecitg method

Tas sumplos of nominal stomic composiions RugiAl, (alloy b) and Ruyl, were
' eonsoﬁdatedbjllqnid-phm-sintoﬁnginavacuumﬁmm'I'Iwalmniniummdmthmimﬁ |
powders were nilxed together and this mixiire was compressed 1n & 20 mm dismeter dis,
| A'someofsomwasappmdtomasﬁmpm.mpommﬂnmwmcompacmm
2 period of 5 minuges. In each case thaniug purnings were placed in the tubs of the fumace
withthesamplu(wactas_uﬂuogmandméymgeuet);mmmbe-ﬁasmms'
X 107 tore und flushed with argonthrice prior 5o the final evacuntion. The sample
mnmmgsamnuwas'hamat7omcf¢mhoﬁr'mmﬁnnmmie¢moum
sample was beld at 800°C for an hour and then cooled at 1°C per min to 720°C before
furnace-coollng. This oatment was appled fo the seoond sample tn ondor to fuclite the
formation of RuALy 1 precloted by Obrowski’s phase diagram (Figure 22

3,14 Graphsite rosistance fumnace method

One sample (nominal Ru,ytAly,-8) wha initially melted in a graphite resistance fumaea._'l‘he
mmmﬁmpowdummpmsaedinmmmﬁidmemdiaat 100 kN for 1 minure and iner
‘placed on top of aluminium pellots In an alumina cruciblo. The erucible was then plaoe&
: in a graphits resistancs furnnce, 'f'he fumnco'_was evacuated, fushed twice with argon, and
then evacnated io 1. X 107 mber (7.5 X 10 m}.Thewmp&ammsesﬂmateduslngm
optical pyrometer, At a fairly low temperatnre (about 900YC), the iwo metals fused, via an
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3.1.2 Improved arc-melting procedure

The a;melﬁng_pméedum was improved by altering the techniquo employed, Instead of
| mixing the clements befors melting, the elements Wers melted soparately usinig the
procedure described above. This ullowed the use of alominium pellets rather than oxddised
 powder pastiles, T ruthenium button was then placed on 1op of the sluminium button
and the Ru was remslied, The higher melﬁ.ng'.pioint of rythendum meant that by thé_ time
‘it was moltsn, 50 Was the aluminium, The heavier fnﬂmnium then dropped into, and mixed
\ﬁth, the sluminivm, The button was then inverted and remelted. Some alumiuium :
vapbrisntion still ocourred, but the extent of ﬂﬁé phenomonon wis greatly reduced.

‘The samples of nominal eompnsiﬁohs Ru,,:Al,.,z Ritzagi ALy, Ru,,ﬁhl@ and Ru:Al, were
- made i 8 bateh .usin_g the improved arc-multihg procedure, For this purposs the ruthenium
powder ivas'fixit compacted in & 20 rom diameter dic for 1 minute at 100 kN, RutAl, and
Rt ALy were Inverte and remelied on but the other samplas ad to be remelted twlce
since they had lower surface tension and thus flattened and cracked extcnsivply upon
cooling, Of t_lie minehed samples, Ruy:Alyy appearcd to have the better sm"t'aou'tenslon.
RugygaiAly was the first sample of tiie batch,

- Chuks of alumm_ium were used n the next batch of amnpi_és. The ruthentum powder was |
compacted and ;mm placed an t_op_.of the alumiriom in tho bntton-m'é'mmace. ‘The spmplos
wero meited once to initiats fusiox.l,.'m.d then meitecl_. ayain to ensure complete rea.don of
the elemenits, An argon atmosphere of the same ;}_iessum wag nged, The §mnplns made
u'sing this ichtigue were nomdnally RugAly-n, Ru,@;-f;l,.,, Ru,:g:A!,@, and Ru,gtAlyy, RuyytAly,

29



- 3.L1 Button-arc furnace method

“The aluminium and ruthenium powdets were mixed fogether for § minvies, and this
mixture was compressed in & 20 mm dlamoter die. A force of 180 kN was applied and the
powders in the die were compacted for a period of § minutes.

- The togt two samjalﬁs (of nominal atomic compositions” Ru,,:m;, andd RirypiAly) were
 produced using button arc furnace, The fumncc chamber was pumped out to 1 X 10% tose
angt ﬂushed wtﬂ_l az’kon t}vtéé. I.t. wat then ﬁlled_ witl_i argon, w just below atmospheric
: pmssum A low .umt_v}s:ts Initially supplied to alt & pieco of titantum and keep it
_ soolten for 1 mituse v remave any remalning oxygen and nitrogen, The compact was then
B heated on the eopper hicurth and the cmre_ht was slowly increased watlt it :‘n‘alte&. The
maximum curront wos bigh, becauss muich heat was Tequired to melt the oxide sunéunding | K
. the aluminium pasticles. A slow exothermic reacdon ocourred, The compact was then
snverted and remelted. - | o

The m:xt' sainplc, RuyAly-a" was alsé piodnced by ave-melting mixed elamental powders,
Tt must be noted here that the aluminium powider was only 95% purs. The aluminium and
~ quthenium powders were mixc_;_! 'td_ébs‘w for § mihutes, and this mixre was comlireﬁsed
ina 20 mm dlgmetss dle for § mivutes at 50 kN. Tho compact was then ol theco tnos
in a1 sleotric tre furnaco using the same procedure doscribed prviously,

a——

* Al compositions are exprossed in atomic percsntages,
| . T R .



 pure, Tublo 3.1 gives a list of the sumples and tho formt of aluminium used in their

Table 3.1: Sample list and form of aluminiom,

ALLOY RoyiAly-e’ | RugAly-d | RugAbes | RugAleb | RuAly,
FORM OF Al | Powder | Powdor | Chunks . | Pellats Unknown™

i ALLOY Rupidl, RuygtAlyy Ru,.:Al;,-—a' RuyytAly-b | RuggtAly
FORM OF Al | Powder | Chunks | Pellets | Pellets | Chunks.
o =t =

ALLOY RuAl | RugiAly | Rugygidlyy | Ruyibly | RugiAlegs
FORM OF Al | Poilets | Chuitks | Pellets Pellats | Pelless

ALLOY | RuyAleh | Rugidly,
I FORM OF Al | Chonks | Pellets
T g e

~ 'The pfoductlon methods which wer iﬂvestiga_ted ars discussed soparately in the seations
which follow.

'Thls convention is employed to dlsﬂnguish betweon different smnplus of
the same numinal composition '

"This snmple was produced independently st MINTEK
2



alrmduedmarﬂwmw

‘Many differont production methods wer used in an atempt 1 optiso the quality of the
" samplos, The aims wers 1o minimiso chemical segrogation and maximise the purity of the
smph&ilm@diffmnmihmmlﬂﬁgﬁoinuufmhaﬂmmdﬂummiumpmﬁdes
tho basis of the toduction probloms - alaminfum melts at 660°C and rathioniar at 2334°C.
-mwmwmmmgwm'wmwmm@mmm'
* tuelting polnt of ruthenium, Howover, altuninum xidisss teadily at slevased tetnperaures,
nndéonninmn:mospllemorvacuum mustbeused.Alumilﬂum.a’- < has & high partial
pressure and thus vapmim-mdily-hsmttmlloysslmldmtbemlmdunduvmnm
meantofvnpodsaﬂmmbamdmadbympmmminenamwphemﬁmm
abmlﬁlupmbsmmeﬂumlnhmsﬁuwndsmvnpndwmﬂnmmmused.ﬂmﬁng -
| the composition of the alloys, Rutheniwin’s high melting point roeans that diffusion of thig
" apecies will only vecur readily at high torperanmos, Ar additional problem 1 that RuAl
appemmfonnmdﬂymdbewmbh,whiohalaospoﬂsdmhmnomoﬂﬂmm
alfoys, :

 'The samples were mainly produced from the cleracnts. The rutheniuri was in powder form,
~ wheteas the sluraigium was used in three forms, The ptnityﬁfthe slulninium-powder
~ inldally availsble was unforunately 95%, which is not jdeal for phase lagram
inveatigation, but that of the chunks was 99,99%, aud the pusity of the pellets was
unknown, fmt sstimated to be 99% pure. The ruthenium powder was never loss than 99.5%
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problems thh silicon and oxygen, Edshammar™ a!so had gome samples, cven after hq#at
trentmen_t; with more than the two phases re(juired for an equilibrated binary alioy, Bﬁen
Anlage commented on the presence of the alumintum-rich sotid softion, and the retention
of the Al'.rich. solid and Ru,,Al,, phases where they were 1ot energeticolly favoursble
" according 1o the phase diagram.



Obrowsid® welted his materlals in & high frequency induction fumace: with an argon
_' at:ﬁosphere. A frequency of 1MHz was applied for a period of 2 minutes to Limit loss of
 material by evaporation. Zirconia omucibles wero used for the alloys with high melting
points, mnd the others wote melted in alumina cruc.ibles. Vﬁr_ious- uﬁspeciﬁ_cd heat treatments

. were employed a&er production,
- Schwomma™ did not disclose the tec! vique used to produce his samples,

 Bdsharmmsr® melied Ra powder and AL sibbon togethee in an eleoric aro faracs undex
an 8rgon amoSpheré. The samplos were cooled rapidly®™ hécaus'g » furnace w!*.ti a wateru
- coaled copper base was used. The samples weré_ then sealed i evacuated siiica tubes ang g _.
heat trented, Tantalum foils m iised' to preverit the samplos from reacting with the silica,
Some of the semples were annealed at950°C for 1 weekm and others ot 660°C for § day™

~ prior to quanching in water,

Anlage™ went o great lengths to deoxidise his Ru powder and Al sods, The ruthemum _
powdor was compacted, melied, and. then orushed fo obtain & cotrte powder, Tho
aluminium rods were etched to remove the oxide layer, Both metals were then heased in
an &lmﬁinn crucible which had been pluced in a glovs box containing argon. The saﬁaples 3
were ﬁ:rnnoe-cooled and then powdered, either. by mechanicsl alloying or fn a cammic
mortar and pestle,

It is notsworthy that several authoré bad difficulty in producing equilibrated strustures.
Obrowski™ had three phasos in at least three of his allays, Sehwomma™ reported possible

"



Of the latisr (which it should be if RuAl,, s derived from the slumiiom Jatice)

 The Ru,Al, and RuAl, phascs sppear to bo the samp phase (only ono or the ot is
teported in each phase diagrarﬁ, and the dompogldﬁus are similar), These phases not only
o hﬁw different str%cturcs_gttrihuted_to. them, but apart from one parmn&tar (value roughly

- 160 nm) ars seen to have different parameters too, If 13 also to ba noted tha:baeh

. structizes have two nornal axes, and one axls ang_lﬁ witich is greater than 90°,

Orly Bdshammar™® determined a struture and parameters for RuAl (Tabls 2.10),
whereas for Ru,Al, two different structures and two digngreeing sets of pavameters were
mpom.mmisa&mapmwwimmemﬂesmmnm; tetragomiélmetnres
have axes which ars all normal to each other, and in hexagonal structures there are two
angles of 90° and oite of 120°, "

Varich™ found that rapid solidification of Al-Ru alloys decrossed the £6.¢, (Al-tich solid
solution) lattos prrameter from 0.4049 nm to 0.4020 nm as the solabilfiy of R in Al
imrehﬁad.‘ He conducted the X-ray diffraction experintents using copper Ko radintion,

2,3 Production Techniques

A wide varlety of pmducﬂo:i techniques wm employcd by the differant workers. The

distinct_ passibility sxists that the production .affccts. the_ homogcne{t;,'_ of the phases
 produced, and thus the particular worker's perception of the phase diagram,
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the same stracture for mwz and their parameter values are in good agreement, Obrowsld
found this phnse to have a different structure, and ouly one of his repotted lattice

paramaters is near those found by the other investigators.

* Table 2.10: Lattice paramoters asreported by Obrowski andEdshammnr

.

PHASE | LATI‘ICEPARAME’IER(nm) _
Obrowski®® - | Bdshammar™9

{1963) (1965-68)
RuAly; | : Orthorhombic
i Couldnot | MnAlstype
| Space Group determine Cmpem.
b - 0.65559 4+ 0.3
K 0. 89605 +05

| Rual, Raxagonal ¢ monocinic -
(B, Alys) TiNi, type Fa,Al,, type
P6y/m G2im

- Space Group me
0481 1.5862  0.0006

a
b - t=a) 0.8188 & 0.0003
c - 0.784" 1.2736 + 0.0004
ofa 1.63 - '
B 107.97° 008
RuAl,, . cublo with Not datected
substruchire :

a 0.812

Obrowski found the phase RuAl,, to have " complex structucs'™, He stated that ft "seems
t bo primitive cublc with  substructisrs with & ~ 8,12 AW, This valus does not appeas to
b6 partioulanly rolated to the size of e it celt of Al, sioce it 13 not related 10 & multiple

*Caleulnted from the other vilues



in 'I‘ables 29 and 2.10, It can be seen that there is only agreument for the cubc RuAl

- stacture, Although Edshammar‘” reported possible vamtlons fin this structure between 800
“and 1_2%"0, he only _reported a single set of parameters The dJsagresment_s for the other
structures could bo dvs t differing interpretations dus to arientation effeots, Howover, there

| appear to be major incqnsi_steucies it the angles between the major axgs; which are not_d;né

 to the relative orientasion, and does pefhaps Suggest tl_i'at diﬂ'mﬁt straciures may exist, i

* Table 2.9; Lattice. paramsters 26 roporid by Obrowski, Bdshamtnar, and Schwomms,

-
PHASE LA'ITICE PARAMETER {nm) )
Obmivsln““ Edshammer® Schwommia®
o (1963) (1965-68) (1963)
RuAl - Cubie _ Cubia Cubic
CsCl typs CECL type CoClgype
Sphce. group Pm3m Pindm PmSm
a 0,303 0295 s
RuAl, “bie, totragonal | £, orthoshombie | £, orthoshombic
CaCype | TSlype | TiShtype
 Space group J4/mram Fidd © Fddd
a 0440 - 0446 | 0.8012 = 0,0002 0.8015
b .= a) 10,4717 4 0.0001 - 04715
~ RupAl, Hexagonal Tetragonal
| NiAlytype Os,Al, type
Space group . P3ml _ I4/mmm s
a 0.405 — 0407 | 0,3079 & 0.0002
e 0494 -+ 0.537° | 1.433 % 0.001
o/a 122~ 1,32 4.65

The soported parameters of RuAl aro similar, Bdshammar™” and Schwomma™ interpreted

* *Culenlnted from the other values
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Prior to héai treatment this sample appeared o consist of two phases, Much porosity was

observed in the sample 45 a tesult of the production method. Tnitially the alloy appenred
to bs homogeneoue [Figwre 4.2), avén though the discrets RuAl; phuse was kregular and

disteminated. Unfortunatoly, silicon and fron wéto present, which linised the use of this
alloy in this investigatlﬁn. The mai_rix consisted of the Al-rich solid solution (Table 4.2),

Figure 4.2; SEM wicregraph of (consmrinated) nomioal RugAlyr-b befors heat tammont

{secondary glectron mode), RuAl; in an Al-rich maix. Micron smarker: 50pm.




" Flgure 4k Opticol micrograph of (contamsinated) nominal RuyiAl,-# (528 houss at S30°C)
RuAl, "noedlos” in an Al-rich matrix, |

Table 4,1: Average chemical analyses of nominial RugAlyr-a (528 hours at 550°C),

o s |
PHASE Abrich solld - . RuAlg
PHASE DESCRIPTION Matrix Discrote phase
Ru (atomic %) 0,05 & 0.05  154%05
Al 99,6 % 0.2 77.50 : 0,08
si 03:01 51402
Cr 0.005 % 0,005 0.03 0,02
Mn 00 016008
Ko ' 0,015 & 0,003 ' 17 %02
Ni 0.0 0.07 & 0.07
Cu 0,04 & 0.02 0052005




The alloys discussed .in this chapter are those oompri#hig (nbm‘inally) up to 25 a%
" tuthentum, According 1o the published phase dingrons (Figure 2.4), the phases which one

woum_axpwt 10 observe In these samples are R Al (or RuALY, RuAl,, the Al-tich solid "
 solntion; a;nd possibly RuAly, The rosults mpomd below wero obtoined ftom optical and |

_ SEM-ex.mnination, EDAX analyses, andx-raj;_giiﬁ?neuon ekperlmenta. The Intter wone used
. to distinguish botween Ru,Al,y and Rudly, o '
This samp!e was hoat trented at 550?{_1 for 328 honrs:;i-pefore examining. It appeated to bo
twa-phuse, with the second phass haﬂng very difforcnttinoxphologles in varjous regions of
thy sample. These morphologies are depicted in Figure &1 _ |

Thia sample was found to be of imited use in the current inféa_tigation, dus to the presénce
of minﬁvaly large quantisies of iron and silicon in the dlscmné‘?phase. Smaller amouis of
chromiom, nickel, manganese and capper wote also present in th;smnﬁle. "The standardless
analyses orw given in Tabls 4.1, Examples of the analyses can bo found in Appendix It It

| was not possible to abinin standaeds by which to accurately measure the compositions of

“the contaminated samples,
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mmm attempts It became obvious hat the semples were too porous and
mhomoganeous to obtafn acourate results, and vnry litﬁa inforotation could be obtained
from the scans, thus the use of this methud was pbandoned,

3.6 Thermal Analysis -

Hmni& Técﬁnologieﬂ condugted an exploratory investigation of the réaction temperatuses,
uslng & TA INSTRUMENTS SDT 2960 $imultaneous TGADTA. Differeuilel Thermal
‘Annlysis (DTA) experiments were conducted on nominal Rﬁ.:;\l,,—a and RuAly, The
TGA-DTA was calibrated using fndium and slomuinkum; bus s melting point of the later
was given a8 661.73°C rather thaa 660.1°C. The alloy Ru.zmna was subjectgﬁ to one
heating oycle, while RuAl, was heated thros thnes, Mot of the scans cmployed
‘protecilve nitrogen .envimmﬁant, which was maintained by passing the gas thrunsh the
fumniace at 100ml per minute, The only sxception was the thind hesting cyols for Rustly,
: _whmh did not have an inert aunosplmre. The maximum temperamre, in most cms. wis
- 1480°C, oxcept for the fitst cycls fnr Ru,,.Alm, which was only heated ta 850°C. 'l‘he scans
- were taken durlng heating only, and the heating and cooling rates were not recorded, bul |
wero not rapd. The results for Ru..:AI_..--a wers inconclusive, especlally considering that it
had only one heating cycle; and those for RutAly, aro given in Chapter 5,
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ﬁnd placed on the tip of a short brls’tic The bristlve'was inserted into the centre of & 5'?.3_ |
mm diameter Debye-Schetrer camera nnd aligned 1o be in the exnct centre of the camera.
_ _X-emy film was cut and placed inside the camers, which was then atached to & PI-IILIPS_
- PW Xemay generawr. which had a copper anode aud & niclmi filter, The film wes exposed
* for 24 howrs, after which it was removed and doveloped. The ilts wers compured against
sach uther and the published data. The latter was facilitated by drawing out tho published
Tines, The data was acquired for 1l of the phases from JCPDS!™ . CD ROM, except that
* for RuAl,. The lntter was caloulated nsing the "CC Miller" progeam’ and inputting the
atomis posiﬂuns for s strocture type (NI, T, This was undortaken to confirm tho pha&es :
identified *vith EDAX, especinlly Ru,Al, and RuAl, which have overlapping composlnan _
ranges (albcit at different tempamtuxes).

3,52 Bulk sample X-ray diffraction

'The resin mounts of the polished samples wero melted and the samples were romoved and
attached to the X-ray smnplu-holdar using plasticine, X-ray diffraction experiments wore
then cunducted on thess samplos at MINTER using a SYEMENS DSOO difﬁ'nctomcﬂer |
which had a molybdenum anode, The step sizo ranged from 0.02 to 0.05 degress, The
meximu angle did not exceed 20 = 65°, An in-run peak scan was iﬂiﬁnﬂy employed to
search for the peaks in the paticrns; at & Inter stage a peak scamh_ was done at‘mr the scun.,' E
using opdated computer software, The sample peaks were compared with the available
-phase data cards!™ in an attempt to confirm the regults _tﬂ:taincd using iho Debye-Scherrer |

Aﬁi.A SHAREWARB package written by CL, Chu:ms, Sommet West, South
ca|
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- backsmwred aud secondary electron modes, and siandardless womi—quanﬂtauwchemical
 -aaalyses of the various distinguishiable phases wers cmriodout using Energy Dlspmiws
Analysis of X-rays (EDAX), Dusing the course ofthiswui:mmwobamlyﬂs became
avgilable', and the standardless analyses wers evaluntul_uslng tha.Rn,,:Al,. sample (being
fhe_ most homogeneous, un-contaminated sarople available ot the time). The minmprobﬁ
WQMemmmgﬁmmmmm@ammmaMa
 MINTEK. These results were used to calibrase the BITACHT SEM. Henco It wis then
possible to obtaln quantitative EDAX analysss with standains, which wero moro acourio
than the standardloss analysos. It was not possible o obtein scourlo aren anslyses using
dho standards since they were only set for spot analysls conditons, In most cases the

\J

ove.rall chemical composiﬂona wers therefors only estimated with standardloss malym

3.5 X-Ray Analysls

~ Xeray experlments wets condﬁcmd on the iampias which contained only aluminium and '
ruthenium ie. had no contaminants, The EDAX analyses were used to determine the
appropriate alloys,

-3.5.1 Debye-Scherter powder diffraction

 Small quantities of powder wars filod from cach semple using l&fmnmdﬂ]a.Aentomwl :

poumdonm.uwpowdormdﬂwﬁncrpmﬂphsﬁemmnww@ﬁomﬂwmﬁmuf&e
fiquid. and thew dried, The fit powder was tolled nto 8 small ball, with rubber cement,

"JEOL SUPERPROBE 733 at MINTEK
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3.3 Méta!log'mpnic_ Preparation

Once the'allﬁys wero doemed fit for inspection, sections for metallographic stﬁdy were cut
from the samples using u thin cireular wafaﬁn_g blade. These sections ware then mountsd -
ixi trangparent resin '(lucita) and ground on silicon ca'rbida' paperé 220, 400, 300, and 1000,
| The samples were unon polishcd wal trdcmn ﬁnish, using 1 micron dimnont! paste on
| velvat polishing whael

It was lnitally considered unnccoessary 10 etch the samples since the structures were
remled alrcady At o later staga somo of the samples were etched with Murakimi's
rengent (l,Og K Fe(CN),, 102 KGH 100ml H,0) 10 facﬂitate cornpnnm with Obrowski's - |
sammples™, The low Ry alloys were etohed for about 10 seconds, and the samples with 2 |
| higher Ru content (noar 50 at%) wers ewhed for up to 30 sedbnds.

All pol’i_shad samples wore examlnul with the aid of an optical nﬂémscope. and
micrographs wers obiained using beight fisld iitumination. The etehed snmples wers viowed
wsing dark field illumination in order to observe the colour changs of the phases under
these conditions, The lightlng was not sufficient to obiain phqtogrnj:!w for o permanent

© 1,4 Semnning Blecteon Microscope (SEM) Studies

Afier observing the samples under an optical microscops, they were subjected to SEM
studley using & FITACHI S50 SEM st MINTEK. Photographs were talten in
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' Toble 3:2: Heat treatment details of the alloys.
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- 3.2 Heat Treatment

| Homogenigation is' the xﬁductibn of chemical segr'agaﬁun 'It oct:ura by diffuaioh. and is'
enhanced by holding the alloy at high tempemtures Most of the samples wore heat treated

at various wmperatm'es, i an attempt to hamogenise the alloys, as well ag to mvestigate

the phas_es in equilibrium at these temperatures, To pmvcnt any pos_sible loss (of segragated
' alﬁﬁxinium) by nxidgﬁon._: the arc-m_gl_ted sampley were placed In quantz ampoules which

wore Siushed twice with argon 'and__evacuawd 10 4 prossure of ai;_ letst 10% torr befom'
sealing, The hnﬂcﬁling troatments are listeci inTable 32,

The mmﬁaling tetnperatures (Table 3.2) were chosen to lie in the particular reported solid
- state regions for all the samples and to facilitute bntch procossing. The trcatznent.
-tempcrature did not exeeed 1300°C to avoid tha quartz tubs bcing affected (quanz is
armealed at about 1400“0). Most of the samples were _qunnched- in water «Ser their
_resi:r.ctiva heat trﬁaniwnts, in an attempt to preserve 'r.he s'sructum at the ﬂnnealing_
temperaue. To this end, the' mbes wers removed from the furnace and broken nbove 8
water tank so that the smnplas were quenched as they fell in to the water,

The alloys Ruyy!Aly,-2 and RuiAly pad oxidised during the heat treatment, so the tube must

_hm' been improperly sealed. Thess samples had become frisble and wers coated in
_alumitm_ powder,
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yesistance furnace and in the induction furnace, is thought to take place in samples which
' have & ruthenium content abové a certaln critical value. Fusion was not observed in the

high-AL sintémd samples of this im_rcstigﬁtion. but bas been observed by other wdrl:m'sm.
The problem encountered with the induction furnace and the gl'ﬁphité resistance furnace
wis merely that they wers 1ot capabls of reaching the temperatures required to melt the

~ fusion product. |

| The olmous pmblam with melﬁng in u muffle fumace, thhout a pmtecuve atmm;nhem. |

is that ofoxxdadon, Although the flux eradicated this problem, it innn&uccd im;:utinas such o

Cas chloritie into the alloy, rendering the sample Jess useful to the investigation.

"The sinter-EIP procedure appeared to be successful in regard to macroscopic homogensity

 of the sample, Fowever the sample was rather porous and horice was mechanically weak 2
and difficult fo work with, Porosity wosld aiso have slowed down diffusion in nubse’i‘lhent

heat treatments.

1t was suggosted tiat us'ing laser techniques to produce these sa.mpias would be the least

~ problematic production route, However, the necessary equipment was unavzilable for the

duration of this investigation.
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- -that the result quoted for Ru,,:Aly cannot be staﬁsﬁcﬁlly accur'até_since Oijly mx ﬁ'_fttilas
could be analysed. | ' ' |

The Loss of aluminium 5y'. vaporisation was dae to the sepeiited inverting and remelting of
the sample during pmductlon and aluminiom’s hig_h_;. partial pressure, The remelting
' procedurc was employed in order to énsure ébmplete al!oying of the elemems. The m'mon_ |
e fmmcc has a water-omled copper hcarth, and heaﬁng the sam;vle on this hearth led to

- the heat bcing concentrated at the top surfaue of the snmple. Hence vaporisation of .
alum_mi_um from the upper surfice took place befors the entire saraple could teach a molbsr

. state,

The samples which were produced using the improved arc-melting procedire appeared o
have a more homogeneous microstructure, This impliss that the loss of aluminium front the |
surfcs of the samples was loss severs due to the chunge in technique.

The li_quid—phasé sintering proceduie also pfoved td be Madequate_; The origmnl pbw’det
particles could stll bo discerned in the microstructurs after sintering, The Hquid-phase
sintering technique s not suitable for this alloy system since the procedures require more
time and energy than arc-melting; and, despite repeated heat traaunenw. the mqmred
_ microstructurcs have not yet becn attained by thig method. The drawhacks of this method -
are mostly due to the high meltlng point of ruthmuum, which causes it to have slow
diffusion rates at the annealing temporatures employod.

The exothermic fusio:i of the elemerits, as observed duting production in th_d_' granhite -
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in the furnuce chamber. The chamber was evacuated to a p‘ressu_ni of 0.5 mbar (0,375 torr)
‘and then backfllled Wit_h_argon to 200 mbar (150 tort). 'I‘he temperatare was_.esﬁmated
using an optical pyrometer. Near 950°C the temperatore of the sample escalated rai:idly,_ :
_ exceechng the ﬁamperatmu of the cmcible, and :hen reached an equihbﬁum again, It was
obvious from these observations that an exoﬂlennic reaction had occurred. The maximum
: temperaturc obtained'in'the furnace was about 1300“(’-:. “The sample was furace-cooled,

| The sample appem'ed to have fused to form a "tree” stractire, as in pmwous exporiments

- using 2 graphite resista:m flmmcc This sample was y2-melted in the button-arc furnaoe
(oo then named RuygiAl-am) to investigass whethor heatlng the sample 10 » tompecatire
higher than 1300°C would hiave an effect on the microsructure of the altoy, |

Anothér sample_ of the saim nominal composition, Ru,,:AJ_“-b, was made in the indoction -
furnace using the same techaique, This time, the sample was fumacccooled 25 500N A3 the
.exothurmic reaction had occurred, 5o that the products o_f thé rcactioﬁ could be _ihwétig’atad. -
Thus the alloy was not provided with ample time or liea; to facilitate homogepisutiqn. as

the previons one was, The "tree" structure was formed once again.
31,8 Comparison of the production methods

B 'nw first melting sechnique in the button arc furnace led to macréscopic inhomogeneity, |

Chemical anielyses of the outer two-phase reglons of nominal RugAly and RuiAly,
indicated that aluminfuni had beeﬁ losgt from the surfgcs of thc_sﬁ sampley by vaporlsntion..
Subseciuont image analysis showed that approximately 4 ai% alz nintunt was lost from the
onter reglons of each sample produéod :.mpIOying this method. ﬁowéver. it must be noced
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~ ‘Table 4.7 Debye-Schemror Diffraction Data For Ru,:Alse-a (475°C for 168 fours) (CuKo),

lassy [r@sTy teaASE  [Akl | d(CALO"
- (zm) B | b ()
049159 ~ |medium  |RuAk  |110 0,49295
044892~ |weak  |RuAl, 002 | 044803
104108  lwesk  |vnidemefied | 000
037244°  Uwesk | RuAl, 200 | 037418
103307 [mediom [ Rual, - [112 - 035166
1020066 |swomg | unidentified | o
1 023443 veryswong | Al 111 |02388
023606 - |wesk . {Real, 311 - 0.22576
0.21252 very swong | RuAj, 1222 0.21603
020756 | weak | RuAl, 312 | 020688
Il 020296 strong Al 1200 - 0.2024
. - | RuAy, 114 020306
 0,17320 o very very weak | unidentified ' S
I 015075 very wosk unidentified
1oa4d07 | medinm AL [220 (o
0.12296 strong A 311 o221
011770 ‘woak At laaz | oa1ev.
1009207  (verywesk | Al 331 | 009289
| 0.09061 very wek | Al 420 . {00008
I 0.08273 very very wenk | Al 422 | 008266
-~ )l ooren woak unidentificd

“Thess values were taken frot the JCPDS duta eardst?,
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Table 4,6: Quantitsive chemical analyses for nominal RugAls (475°C for 168 hours)

PHASE PHASE DESCRIPTION | ATOMIC % Ru.
RuAl | Mmixofere | 481
RiyAl, | Fstlayer | - 355504
Ru,Al;, ‘Second layer & centrs | 25904
' of needles -~ e
 RuAl, | 'Tid layer & needles 16.0 & 0.4
Al‘ﬂﬂh SOHd ) o Mx X 0.7 i: 0-1

Debye-Seherrer powder diffraction data ('I‘nble 4D confirmed the pregence of RuAl, and
tha Alxich solid, The rensons for not defecting the other compouuds are given in C!mpter
6, The Straumanis fuctor g 2:5097 dsgzreos pee om.,

The inhomogeneous condition of ths sampie, caused by rapid cooling; precl'uded it from
phase boundury determination, Howeves, the phasa layars were useful, since they ind!cuto
the oxder of formation, RuAl solidified first, followed by Ru,Aly, Ru,Alyy, RuAl, and lestly
 the Al:rich solid solution, This lso suggests that Ru,Aly, Ru,Aly, ang RuAl, am formed
vt & sorles of peritectic ronctions (in that order), There was no RuAl, dotocted in this

sumple.
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 Figore 4.10; SEM micrograph of nominal RugAl-a annesled at 475°C for 168 hours
(secundary electran mode). Needles of Ru,Al,; (white) surrounded by RuAl, eutectic of
RuAl, and Al-rich solid (black), -

There were too many different phase regions to attempt an overall composition annlysis.
The average quantitative analyses are given in Tanls 4.6, The wt% totals for the marix
analyses (Appendix IV) wers low due to the presence of oxide,
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_appearéd t0 have a dondritic naturs, suggesting that they can form directly from the melt.

In the RuAl;; layer thers were small particles of Ru,Aly, adjacent to dendrites of this

phns'r;. The rest of the sample contained RuAl needles in ar Alrich mamix. A au‘téc:i_é
betwéen these .tw;n; phases was also _j.risible Figure 4.10). Again, the centros of some.'of the
needles consisted of RuyAL, The phases RuAl, oat Ryl appear cracked in Figuro 4.9,
The Ru,Aly dandnms and the Ru,Al,, grains had a "c!m’:ed" appearance, indlcating that the - |
- RiyAlyy and RpAl; may have fonned vig pﬁritectic reactions, This lnycfcd_ structurc is
a dis_cussed further in Chapter 6 in_relaﬁoﬁ fo the propoéad mudificnﬁnns to the phasc

Figure 49; SEM micrograph of nominal RugAl-a annealed st 475°C for 168 hows
(secondary electon mcxle), RuAl (lightest denﬂdgnsj,_ Ru,Aly (darker dendrites of first
liyer), RoyAly (second layer), RuAl, (thied layer), Alerich matel.

- Al-tich solid

RuAl

“RuAl Rudl, - Rudl,



" Aftur heat teeatment at 4'?5?(.‘ for 168 hours, this sample was sectioned and examined once
more, The pusposs of this treatment was to investijzats the possible existence of the phase
RuAl,,, Tha optical éxMaﬁoﬁ of d_#m‘smaétion'bf‘ this sample revorled a very dxffen:nt
" miaros_trum than the one previoﬁsiy eﬁcoﬁn:eréd. and, -aguiﬁ, 1ot a hgmdgmous one.

Thero were sovers! different phesos observed. (Figure 48). The Hightest phaso was tho Ru-
rich solid solutlon (Table 4.6), and t formed a eutectic with RuAl (Appendix IV). The first
Alayer sumundingtlus core was Ru,Aly, the second Jayer (and the hghter coze of SOf. uf |

* the nesdles) was RuyAly, the thin third Iayer was RuAL and the dark matrix was found
16 consist of the Al-'ﬁch solid 's;blution. (Table 4,8). | | o

~ Figure 4.8: SEM micrograph of nominal RugtAlyen annealed at 475°C for 168 hours
(socondary olestron mods). Ru-sich sclid (lightost in core), RuAl (unatrix of core), Ru,Ak
(Eirst layes), RuyAly (second layer), Rul (third layer), Al-tich matrix,

| Figure 4.9 shows the phase layers morw cloaly, In this figure, the‘R_uAl and Rug&!s phases
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Table 4.5: Dobye-Scherrer Diffraction Data or Ru,:Aly,-a (No Heat Treatment) (CuKod,

14088y PEST) | PHASE hk1 d (CALCY
(n) | | (hm)
049139 medium RoAl,  |110 049295
045230  |verywesk  (RuAl, © {002 044803
loamsz - |veywesk | Rual, 1220 0 |03
| - RuAl, 200 047418
033201 | medium RuAl, . [112 033166
Co RuAly,  |221 {0382
Hosoe | weak naldentified | |
026401 | very very weak | unidentified
023322 | verystong | Al 111 0.2538
022487 vety wesk RuAl,  [311 022576
| 021622 “very weak RuAl, 222 | 021603
| 020689 very wesk | Rl 312 | 020688
020207 stong Al 200 | 0204
| RuAl, 114 0.20396
0.19954 vory very weak | unidentified |
0.17608 very vory weak unidentified
0.14312 stong Al 220 0.1431
012209  strong Al 311 0.1221
0.11691 { wenlk | At {222 | 0.1160
009299 © | wesk Al 1331 | 0.09280
009065 | weak Al 420 009035
008273  |wek | Al 422 008266
007300 | modlum wnidentified

“Thesw values wers ken from the JCPDS data cends™,
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" Table 4.4: Quantitative chemical analyses for nommal Ruy:Ale-a (No heat u‘aannan_t).

 PHASE = | PHASE DESCRIPTION | ATOMIC % Ru
o  Overll 331 2005
Alrichsolid | Matix 047007
‘RuAl;, | Fine needles 157401
 RuAl, | Coarseneetﬂes | aso k004

The iow wi% totals of the matri_x- analyses (Appendix IV} indicated the presence of
alumintum oxide, The overall analysis is not expected to be nccurate, sincs the quantitative
standardy wese compiled for spot analyses rather thun ama analyses,

Debye-Scherror oxperiments (Table 4.5 confirmed tho prosonc of RuAl Ruale and AL - |

i ths sample. The Straamanis factor wis 2,5003 degrees per cm, 1t shiould bc noted that

the pheso containing spproximately 25 8% Ru was definitely RuAly, and niot Rual, (so

Chapter 6). Soma of the cbserved peaks were not identified as belonging to.any of the
knowu compounds of this system (‘I‘able 4.5); these mny belong 1o oxzﬂes of the alements.

Tho value of the Rual, analysis (Table 4.4) was used &8 an indication of the phase
boundary (C.haptcr 6). One Differential Thermal Analysis (DTA} scan was recardad fbrthis

: smnple.. Lt was inconclusive, probably due to inhomogmitics in the alloy, and the fact

that only one scan way done.
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~ In‘'ono very small re-gioﬁ at tha edge of this sample was & cluster df'Ru.,Al,, néedles .(F;gtﬁe
4 ’?},.which wero mnch larger than the RuAl, needles, mnrotmded' by a single-phase Al-rich
matrix, The geomemc shipe of these needles g{va an indicaﬁon of the type ufsynmetry'
prcsent in the Ru,Al, lattice,

Figure 47 SEM icrogiaph of nominal RugAly-s before heat trostment (secondary
| electron mode), Fins RuAl, needles, course 'Rm'Al,_, needles, Al-rich mateix, - L

'Ihe sampld was thus deduced to be 'inhbmogenebus. The edges of the needles wers
| fragmented, and there wag no indication. of u cutectic in this region. The average -
quantiative EDAX analyses (Appendix IV) are given in Tablo 44,
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Figuie _-4.5:_ SEM micrograph of nominal Ru..:Al,,—a'_befm heat treatment (secondary
electron mode), Primary RuAl needles and fine cutectic in an Alrich matrix,

Figure 4,6: SEM micrograph of nominal Ru;Alya before hoat treatment (backscattersd
electron mode), Eutoctio of RuAl and the Alvich sulid solutlon, RuAl, dendites.




The average semi-quantiiative analyses are given in Table 4.3, These results hardly differ

from those obtainied before the heat treatment.
minal . :
This alloy was initlally examined in the as-cast condition, Tha parﬁcuia_t gross-gection
- which was axamined, consisted moxtly of Rual; nesdles of various size and morphology, -

summnded by a eutectic {Pi'gm 4.4) of the same phase In an Al-rich mmﬁ:;

' Figave 4.4: Optical micrograph of nominal Ru:Aly-a bofors beat treatment. RuAl ncedles
and small particles in an Al-rich matrix. " o

.I ; ‘vﬁ!‘i‘l"”ﬁf.'i"w%
'ga‘:‘.\‘-'ﬁ'_ -’;‘;&r‘* "5'.

Wl

SR Nk

E A

~ The differont RuAlﬁ needle morphologies can be mors clearly discerned mF.lgure 4.5, and
the fine eutectic is also apparent. At higher magnifications the entectic (Figure 4.6) between

" Rulg aad the Al-rich solid solution was more clearly visible,
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"o avemge somi-quantitative phase analyses are given in"I‘aBIa 42, together with an.
estimation of the ovarall alumnnmn and ruthemum oontent of tha samgle (the |
eontaminnnon was ignorr.d for comparison with thc phase rhagmm) .

 Table {;2: Semi-quantitative cﬁémical analyses for nominal RugtAly-b (Nohieat treatment),

PHASE | | Alrich solid | _RuAl,
PHAW DBSCRIPTION _ Ovenll Mattix Discrete phase
Ru (atornic %) 22301 003 1294£03
AL 9784 0.1 99,64 782 %03
St " Omitted 0.27 | 5931008
Fo - Omitted 007  29%05

Table 4.3 Scmi-quanumnve chenucal analyses for nommal Ru, Al,,-b {5150“0 for 1176

hours)
 PHASE  Alchsolid | RuAl
PHASB nnscmmorar Marix - Discrate phase
- Ru (atomic %) 0,05 * 0.05 1454006
Al 997402 | 78 & 1
St 0201 4.6 4 0.6
Fe 0.03%002 2.8 £ 04

 Since some of the original mﬂieni_mn was sl prosent, the sample was squashed slightly -
" in.a vioe, and subjected to homogenisation treatment at 550°C for 1176 houss. Somi-
quantitative chemical analyses were again undertaken afte\r the heat ireatment (Appendix
_-r’t'}'. e rmicrostructire of the samplo had not changed much; it had only slightly coarsened.
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At higher magnificasions, light inclusions could be abserved in backscattered electron mods
(Fig 4.3). These consisted of pure rutheninm which had ot been affected by sintering.

Figure 4.3; SEM ‘micrograph of (_cqhtaminatc;i_} nominal Ru,:Aly-b before heat treatment
. (backscattered electron mode). RuAl, (discreto phass), Alsich matrlx, Unaltored Ru (small

bright regions),

At in_créased magnification in secondary electron mode, dark. angular crystals were
* obsetved, which could not be discomed in backscatter mode. These were found, using semi-
quantitative EDAX, to be aluminium-sificon crystals (Appendix I,
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Figure 419: SEM micrograph of nominal Rusgtl, bofore heat treatment (secondaty
' p'lecu-on mode). Eutectic of RuAl (grey) and the Ru-sich solid solution (white).

Figure 4.20: SEM micrograph of nominal RuyAly, before heat treatmiont (secondary
“electron mode). RuAl (light giay) dendrites, Ru,Al, (dark groy) dendrites, RugAls (black),




Figure 4.18: SEM micrograph of nominel Ru,giAly befors heat treatment (backscattered
 elsctron mode). Core region of RuAl (light grey) and Ra-rich solid (white). Layers of
Ru;Aly (dark groy), Ru,Aly (darkest grey), and Al-rich solid (black).

Al-rich yolid

-_'RuAl,'
: Rui\_A.lla

I Ruesioh solid
RuAl |

The sample was extensively mo.kcd. tut thers was an un-cracked rogion contalning
dendrites of RuAl (Table 4,13) and o thin network of Ru-rich solid solution, which had
formed a eutectic with the former, in the interdendritic regions (Figure 4.19).
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After this gample had been up.set-nnnedl._ed at 550°C for 1176 hours, the microstructore had
coassoncd, but no other vistblo changes had cccumed. The mateix was stll wostly
slominfum and the lght phase was RuAl, (Appendix VD). The only Roticedblo changs was
the inuodugtiuﬁ of silicon coﬁtatninnﬁon In the sampls (‘_l’able 4.12), This may have been
due to silicon pick-up from th tubs 0ver the extonsive troament poriod.

 Table 4,12; Semi-quantitative chornical analyses for somital RutAl, (550°C for 1176

‘Tours).
PHASE - Abxlch solid _RuAl,
PHASE DESCRIPTICN | Matrix Discrotn phase
Ru (atomic %) 0,07 £ 0:03 1521
A 90:61 & 0.08 813
8i 029 & 0.06 3k2
. Fe Q.03 % 0.02 0.8:£0.1
T e e T - : ---—---,-—. - e

This .snmple wag examined prior to heat tréutnient.'l't became obvious that the alloy was

inhemogencous, sihca roany different phase lﬁygrs could be abserved (Figure 4,18), The

atea consisting of Ru,Al, and Ru,Al,, in placrs, appeats in Fighrs 4,18 to contain  third |

phase, This effect at low magnification was due 1o e Intimate mixturs of the two phsed
in various reglons (Pigurs 4.21). | o
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Figure 417 SEM microgreph of (contaminated) nominal RuyiAly after sintering
(secondary electron mode). RuAls (dark grey) in an Al-rich matrlx (black). |

"The average semi-quuntic tive EDAX analyses aco provided in Table 4,11, and the dats can
bo viawed in Appe.ndix Vi Tha samplo way found to be contaminated with small Amounts
-of iron, but there was no detmmbla giticon contamination,

“Table 4.11: Seml-quantitative chemical anulyses for nominal Ru:Al,; No heat treptment),

11

i

{

[ rmase ] Altichsolid | RuAl,
PHASE DESCRIPTION Overalt Matrix | Discrete phass
Ru (stomic %) | 5705 % 0,005 ~0.1 14.5 % 09
Al 93.985::0.005 |  ~99.89 84 1

S
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“The avefage semi-quantitative EDAX analyses can be found in Appendix YL ‘Ihe average -

- quantitative analyses and the semx-quanﬂtative overall comyashion are reported in Table

| 49, 'I‘ha nvaran composition analysis (Table 4.9) it very different to the- nominnl
composition However, in such an inhomogeneous sample, it is very d:lfﬁcult to amm-mly
- mcasura tllis parametur gince the specunen is too 1arge. and the wrong st ﬂpe. to ‘ttlempt'

4 true ovmn measurement 5

: The Debye-Schermr n:sults (Table 4.10) confirmed thc presence of Ru,‘Al,, (uot RuAl, -
 see (hapter 6), RuAl,, and Al-rich solld in this sample, The Straumants factor was 2. 5036
degress per cm. Tho phases RuAl, and Al could s.lso'be identified from bulk Xeray
_ expeﬂmenm (Appendix VI), but the scant was not repmsentativc, beeause the sample wis
tod inhomogeneoys and tha scanned surface contalned poroslty The quantisative RuAl,
analyses wors used &y an indication of the position of the phase boundary (Chapter 6),

Prior to heat treatment, this samgla' appcnr@d to be very similar to the sintered Ru,:AL,-iJ.' .
Tt contained the spme charncterittlo porosity, and was also two-phase, However, the RuAl,
 pacticles wers coarser and mors geometrical (igure 4.17) than those of RugiAly-b. This
sample sppeared 1 bo compltely snterod, and had an Absich mairix (Table 4,11, The
darker zegions at the edges of the Hght phase in Figure 4.17 wers a pohshmg artifact, and |
were not observed in backscatrered mods. '



Table 4.10: Debye-Scherrer Diffraction Data For Ru:Al,, (CaKor),

laonsy  |resty  |emAsE  [nkl d (CALO)"
(nm) - . ' @om)
05053 medum __ |ReMl,  |110  |odoos
fod1272  |medm  |RuAl,  |203 | 0413
038042 | wesk RuAl, 200  [o0aM1s
| | Ru,Alig 400 0378
I 0.36355 weak ClRwAl, 220 (036
losm64 | medum | RuAy [112 | o0s%66
| R -  |Realy, 221 |o3m
I 0.30489 - weak . | unidentified
' '&26463 very weak urddentified _ )
0.23483 “very strmg - | Al 111 0.2398
021507  |mediom | Rudl, 222 | 021608
020890 | medium RuAl, 312 0.20688
030310 | strong fa o l200  foam
- | Rual, 114 | 020396
0.17705 very very weak | unidentified | B
t-0.6096 yery very weak | uaidentified
0.14751 very very weak | unidentifled
014354 song | Al 220 | 01431
002229 | ahong Al 311 ot
031708 weak Al 222 o
009308 | wouk Al 331 | 009289
0.09069 weak | At 1420 | 009055
0.08278 weak - | Al 4322 008266
007799 | wesk | unidemified | |

“Theso values were token from the JCPDS data cards™, -



- RuAl was formed viz a peritectic reaction.

Figure 4.16: SEM microg-raph of nominal RutAl,, (secondary elcctron mode) RmAl,,
(llght grey), RuAl, (dark grey). Al-nch solid (black matnx)

Table 4.9 EDAX analyses for nommal Ru Al,,.

PHASE PHASE DESCRIPTION | ATOMIC % Ru
o Overall L1407
Ru,Aly, Needles | 239%04
| Sumounding needles |- 15.10% 0.01
RuAl, =~ == s .
_ _ Dendrites 15.20 % 0,02
Al-tich solid Matrix 0.82£002
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b bottom reglon of this sample contained three phases (Figuré 4.14). There wero largs
needies of Ru,Al, (Toble 4, 9), sm‘rounded by a thin layer RuAl, The RuAl, phase was
) slso prcsent #s small particles in tha Al-ﬁch matnx, suggesting a eutectiu structire.

Figure 4.15 deplots the Ru,Al; needlos as they appeared afier otching with Murakemi's
* reagent, The very dack areas in this figure are shedows and pores, |

* Figuro 4,15 Oplical micrograph of bottom region of nominal Ru-Al,, (etched), Ru,Aly
(needle), RuAl, (ight gmy), Ai-rich slid (whit malruc). The black regions are shadows
-and pores. |

Theré were cfacks in this reglon, which oﬂglnnted in the needles, This suggests a Brittlc
nature; or an innbility to withstand contraction during cooling, due to diffcnng euefﬁcients
- of expansion of the phases, The layered strucmra (Figum 4,16) indicatos that the Rudly
* golidified later than the Ru4A!,3, and the morphology of the needls edges suggests that the
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 Figure 4.13: SEM micrograph of top segion of nominal Ru:Alm {secondary electmn mode),

Ié‘.u)#x_l6 dendrites in Al-rick matrix, and sutectic.

Figure 4.14; SEM micrograph of bottom region of nominal Re;Al, (sscondsty olectron
mode), Ru,Al;, (needle), RuAlg (layer and small partic_les). and Alrich solid (matxix),




 The average semi-quanﬁtaﬁva phase analyses can be found in Appendk V, together with
the individual overall analyses, For the salo of sompérison with me"phgsa_giam; the
small amounts of chlorine, iras, silicon, and mang. “se, present in the phases have not
‘eon included in thess anaiysés. The impuritics could not be inczuaea in the quantitative
analyses. (Table 43), but & scan of the latter phase was plotted 1o show the presence of

impunﬁes (Appendix V)

_ 'I‘nhle 4.3 Phaso analyscs fnr nominal Ru,,*Al”-b (AN qunnutaﬁve except for the overall

'_wmposiuon)
 PHASE | PHASE DESCRIPTION | ATOMIC % Ru
o | Ovemll | 310000
" Ru,Al,  Needles - | 2473005
"RuAl, | Atedgeofneedles | 17.8%07
. Alrich solid o | Matrix B approx, 0.6
RuwAl,

-Tho top region of this sample appesred to cn_:;sist_of fwo_phnscs-. Figure 4,13 shows the :
 nature of thc discrete RuAlﬁ phase in that rcgion. The deﬁdritic morphology of the larger
* pacticlos suggests that they solidified dicectly fromt the melt. Thera were zones aound the
\arger particles whichare depleted of the second phaso, The fitie dispersion of second phase

© . Inthe balance of this figum appem‘s to be 4 sparse eulecﬁc mixnn'e of RuAL, in the Al-rich

matrix (Table 4~9)
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_ A ﬁna .eut'ectic.wa_s present between the needles (Figum A1), .__This mixmre was nm:

continuous in the rag'km, bﬁt appeared to t‘orrn between patclies of Al-rich solid as 'in the
pmwous sample (riguxe 4,6), and dxssxmﬂar 6 the particles i in the contaminamd spacimen -

: Ru, Alyr'ﬂ- \Figure 4‘ 1), The light oomponent of the eutectlc could not be. analysed becuse

_u was 100 small ‘but appeared. to have the game colour as the RuAl in backscattered
eIeclmn mode, Smali alummium particles (Appenchx V} were also obser'.red in the matrix
(dark parﬁclcs near the bottom of Figute 4, 12) |

Figure 4.12: SEM micrograph of nominal RuyALeb (backscattered electron mode).
~ Eutectic of RuAl, (white) and Alrich solid (Wlack),
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Exnminauon of this furnaoe-cooled sample revealed la.rgc Ru.,Al,:, needlés (Flgme 4, 11}

" The phase RuAlg (Table 4.8) had formed on some of thcsc nscdlcs Both these phases
nppeared te be extensivoly cracked, The matrix conprised Al-rich sohd solution, 'I‘his afloy

was found to be contammated, possmly from the flux which was uscd to prevent ox1dation
dunng melting of the eluments

Figure 4.L1: SEM micrograph of (contaminated) romminal RuAly-b (backscattered clectron

“mode), Ru Al needle, Rudl; on edge of needle and in eutectic with Al-_rich solid {black),

e
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* This sample had the unusual history of being p'mduccd in & graphite resistancs furﬁace, and
: subseq:mzuly being arc-melted when the initial treatment fafled, In the grnphlm resistanco
‘Samacs an éxotermic maction oocurred in the vimmty of 900°C, and the elements had
_ t‘_used to form « friable mass. This pmduct appeared to he stablq to about 1400°C, singe no |
| ﬁtnhar reactions wese observed, In an mpt at high-temperature imnealing, ths sample

 oxidised and became Siable This fmads sectioning anc;..gxéminaﬁqn inipossibie. |

The samplo exhiblted extonsive porosity (black reglons in Figur 4.28), and consisted of
four phiages (seo nfea near . 'oron markef). I Eigm#.zs thers are very small qﬁaﬁt_iﬁes
of the RuAl, and RuAl," phuses, both are light grey (RuAl is slightly darkes), but only
RuAl is ceacked, "This micrastructnre was consistent throughout most of the sample, The

- majority of the sample consisted of Ru,Aly, (Table 4.17), and the Al-rich solid solution ivas _

prosent in smaller amounts,

‘I‘ﬁe naturs of the phases can be clearly discarned in Figum 4,29, which Tuggests that the
RuAl; ormed betweon the Ru,Al,y and RuAl phases, However, thls wag not always the
cose, ag can be obsecved in Figurs 4,30, where RuAl; was found batﬁfcen RuAly and |
Ru, Al Stady of the whole sam‘plé rendered no pmﬁculaf trend in the 1n:ntion’ of Rudly,

'Thb phaae conmining approx. 18.5 at% Ru was named RuA!, for the purposa of this
dia‘cussian :
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 'Table 4.16: Debye-Schorrer Diffraction Data For Rugg:Alys (475°C for 168 ours) (CuKar),

deoBy) | 1EST) PHASE | 1;1:’1 | d(?n:gsc)' R
049309 medm | RwAl | 130 | 04905
044804 wesk RuAl, 002 044803
041537 - ylon Bndb, ] 203 0415
040280 wask RuAly 003 | . 04w
Comeo [ we | ma | g | o
035080 | wek |  RwAl, | 220 036
A 033955 wetk RitAly 022 | - oam
033148 modiun | n% o3 | odtss
081675 | veryverywesk | unidendfied |
029763 vety woak unidentificd o _ _
0.28712 vety voty weok | Rudl, | 202 028734
027787 | - wary very weak unidensified o o
023351 |  veyewony | Al 311 | o2s
0.22460 wigk  Redly, 311 | 02876
0984 | veywesk | RuAl | 223 021603 _
 0Z1388 mediym  RuA), 130 02008 |
0.20766, . medion. | RuAl 312 | 020688
020475 vory woak Redl, | 114 020396
a1y ___ Mrong A .. 200 0202,
o211 | very very weole | unidentified ' _——
007255 | veyverywesk | unldonified
0,44770 vory wosk wnidentificd
014313 strong Al 22.0 0,1431
012209 - airomy Al 311 0.1221
0,11693 _ yionk Al 222 01169 -
009298  weak Al 331 | 009289
009063 swonk Al 420 0.09055
008273 weak Al 422 0.08266
00700 wenk pnidentified ]

e e - - -t

"I'hcsn valuos wero tiken from the JCPDS data, cocds™,
| "



~ "Table 4.15: Quantitative chemical analyses for nominal RuyyiAly (475°C for 168 hours).

| euasE | THASE DESCRIFTION | ATOMIC % Ru
B MWW:;&%%% [ : = - T
~ Rual - Core dendritss  494£07 '
" RuAl, - Fistayer | 36005
RuAly - Second layer & needles K 260 %0.1
RuAl; | ‘Thind lnyer, needles & edge of RuAl, |~ 15.80 % 0,02
Alsich solid | . Mamx 0:49 tk 0,06

- The low weight percent totals of the mattlx analyses indicated the pmsenﬁs of oxide
(Appendix VIID, The phiase analyses wers not used for determining the phase boundaries
si:ice'tlw sample iwas too inhomogenieous, The formation of the laycrcd_ structure 38
discussed further in Chapter 6 m relation to the pmposad modifications to the phase
diagram, |

chyn-_Sehcm:r experiments {Table 4.16) confirmed the prosence of the Al-rich so.liii_,
RuAly, and Ru,Al,, (not RuAl, - Chapter ). The Straumianis factor was 2.502 degreos por
omm. No other phuses wene detected becavse the powder was obtained only from the sinface -

of the sample.
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Figure 4.27: SEM. micrograph of nominal RuyAly, anncaled at 475°C for 168 hours
(Secondn.ry elecmm modc) Ru,Al, (light gmy) and RuAl, (dark grey) geedles in an Al-rich
matrix (hlack)

e Alrich+
RuAl,
enisetc

The avernge quuntitative EDAX analyses are given in Teble 4,15, Again, no overall
' coni_;positlbn meagurement  was atempted, because the samtple was  exiremely

inhﬁ&mogeneous.
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T heat treatment did not appear to have any effect on the locatised "6utacﬁc“-li_ke mixture
of Ru,Aly and Ru,Al, since it was stll observed during this examintion (Figute 4.26),

Flgure 4,25 SBM micrograph of nominsl RugAly annsaled at 475°C for 168 hours
: '(:sccondary ¢lectron mo&o}. “Butectic"-like mixture of RuzAly (l_ighf grey) artd RmAl,, (dark
groy matsix). ' | ' o

Agnin, the rest of the microstracturs consisted of Ru,Aly, needles surrounded by Rudl,, or
merely RuAl, needles (Figure 4.27), all in an Al-rich matrix containing # fine, dispersed

. euteptie,
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difference was that there was & layer of PuAls adjacent to the Ru;Al,, layer (Figure 4,25),
- Also, the amount of RuAlg in the Al-nch matrix -appeared to have Increased, The few
reported changes mny have been induced by the hcat treatment, or may be a result of

viewing n diffurent cmss-section' of the sample (since the sample was very inhomogeneous),
Figare 4.25; SEM micrograph of nominal RuyiAl, anncaled at 475°C for 168 hours

(secondary electron mode), RuAl (light grcy), Ru,Al, (first layer), Ru Al (second layar),
RuAl; (third layer), Alsich solid (black i), |

RuAl

i Ro.AlL

oo 'Ru‘.Allg

Al-rich solid
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Eanelh ol o8

' ‘This sample was heat treated at 475°C for 168 hours in order to investigite the existence

of RuAly, Jt was not expected that this annoal would have any effect on the high

*toumperaturo phases, and indeed it did not. The eulectic betwean the Ru-rich solid sofution
" and RuAl was still presont (Figure 4.24), adjacent to an area of RuAl dendrites surcounded

by Ru,Al; (Table 4.15).

- Figure 4:24; SEM micrograph of nominal RuygiAL, annealed at 475°C for 168 hours

(secondary electron mode), R_|_1~xich solid.(light grey) in sutectic with RuAI (dark groy),

© RupAly (black), -

“The Ru,Al, layer was again succeeded by a Ru,Aly Inyer (Tabls 4.15), The only notiosable

i



Table 4.14: Dobye-Scherer Diffraction Data Fof RugiAlg, (ﬁo Heat Treatment) (CuKo),

_dgons) o oEsmy | pEASE 1 bkt d%p'
041310 Comediom | RuAl, | 203 0413
040247 _wask RuAly_ | 003 4ot
037640 | wedwm | RuAl, | 302 - | omE
035883 mediom | RuAb, | 226 | 03 -
039774 vy wik | Ruals 022 0,339
033097 - medium: _RuAlyy 221 | omm
0,30264 . mediom | RuAly | 1901 03010
026393 very wock | unidentifiod .. —
s | wrwns |4 | W] oER
021380 | song  Rphh e | s
0.20760 medm | RuAl 105 | 028
020514 |  wvuyswone | Ew 101 | 0203
20188 mediun Al 200 - 02034
0.17617 yory vesy weak | wnidentified |
015788 woslk _Ru 102 | 015808
0.14763 voiy vory weak | woidopdfied N
0.14317 medium AL 220 0,431
0:13536 wotk B 110 01383
oo | e | N | Wl | o
041455 wesk Ru 112 | 01434
011326 | wek Ru 201 011299
oo very weak Al a3y 009289
oms | ww | a4 | 18 |
008681 wesk Ry 211 008673
0.08403 weak Ru 114 | 00838
0.08274 _vory very woak Al 422 0.08266
008192 | vorywesk Ru 212 0.08185
008051 | vory wesk Ru___ 105 | 008043
oo | very weak unidentifiod .

*These _vniuas wete taken from the JCFDS data cards™,
| L |



Tuble 4.13: Quantitative chemical analyses for nominal Rﬁm:A!,,_ (No_ heat treatment).

PHASE | PHASEDESCRIPTION | ATOMIC % Ru
" Rudchsolid Euteotic network k2
' RuAl | Comdendrits | 53004
RuAl, CFistlayer | 36502
"Byteetic"Jike mixture | Second layer 30,6 £03
" RuAl ' Smallparticles | 25.79 %009
RuAly |  Thirdlayer & nocdles 260 x0.1 .
Rudl, | Needles&edgeof RuAl, | ~ 153402
_ Abtlch golid - Masix | erx02 |

The anslyses of the mairix (Appendix VI had low weight porcent totals, indicatiog the
presence of Al-oxide. |

The presence of tho Alsich solid, Ruerich solid, Ru,Al,y (not RuAl, - Chapter 6), and

- Rudl, were'conﬁmi.ed by Debye-Scherxﬁ; dif&mﬂon data (Tabis 4.14), The Straumanis

factor was 2,5013 degrees per cm, The .RuaAl, values were masked by othier phases it mést

cases, and it wag possible 0 discern a small number of peaks which could hnvé matched
RuAL | -
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Figure 4.23: SEM microgtaph of nomsina! R,g:Alyy before heat teatment (backscattered
* cleotron mode). RugAls (aeedles), oulectic of RuAl, (dark groy) and Abrich solid (black

The balance of the sample contained RuAl, ncedles which were finer and more dendritic
in motphology than the Ru,Al, ncedies. Thess wers embedded in an Alrich matrix
: camaining the same cutectic mixtum s depicted in Figoure 4.23, All the chemical analyses |
| were guantitative (Appandix VIII) There wero o many diffcmnt phua.o reg:ons to attempt
: 'a meaningful ovarall eumpasinon analysis.
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- Figure 4.22; SEM micrograph of nominal Ru,.,:Al@ before heat treatment (backscattered
electron mode), Ru;Aly (white), RuAl, (light grey), Ru,Ally (dack grey) matrix, Altich
(black) matx, |

RaAl,

Figure 4.23 shbw’s the Ru,Aly; needles (Table 4.13) once again with the phase RuAi, at
- some- of the edges of these needles, The fine eutectic particles of RuAlo in the Alrich
mateix are also visible in this figure,
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At the edge of this arci W & Single»phﬁse RuAl region, followsd by & two-phaso layo}
containing RuAl dendrites surounded by Ru,Al, (Table 4.13), The next Jayer was that of
- single-phase Ru,Al, followed by afegion coﬁtaining dendrites of the latter sﬁ:rqﬁndéd' by
RuALy (Figure 420). | |

It was found that RuyAl, formed & eutectic-like mixtute with the Ru,Al,, matrix (Figure

4.21) i Jocal patches between the Ru,Al dendrites, This ubusnal mixture also existed as .

2 separatp layer (ie. with 1o Ru;Al; dendrites), and eventually gave way to extensively
cracked RuyAly, nocdles in an Al-sich matrix (Figure 4,22). There were also small arcas of
‘RuAl, (slightly lighter than the Ru,Al,, matrix in Figurs 4.22) observed in this sample,

Figure 4.21: SEM microgtaph of nominal Ru,:Al, b@fore heat txeatmcﬁt {backscattered
eloctron mode). "Etectic"liko mixture of RupAlLy Gight) aad RuyAls (fark maiei),




Figure 5,6 SEM micropraph of nominal RutAl; annealed at 1300°C for €5 hours

(secondnry electron mode). Rusl, RuAlg, RuAl, Ru‘r'a.‘;,__,.

An overall composition analysis of this sample was not attempted, because the sample was

100 inkiomogancous, The Rverags quantitative EDAX analyses are summarised in Table 5.2,

Table 5.2: Quantitative chemical analyses for nomingl RuiAl, (1300°C for 65 hours)

PHASE ATOMIC % Ru

degs of silicon were observed in the scang, but could not be included in the analyses

92

PHASE DESCRIPTION
Ra-tich solid Eutsctlc with RuAl 88,005 & 0.005
RuAl Core phase 541108
Ru,Al Plrst layer 4334038
~ Rual, Second layoer 36,05 & 0,03
| RuAl, - Matelx of third layer 96,10 % 0,08



" Figure 54: SEM micropraph of nominal RuytAly, annealed &t 1300°C for 6.5 hours

(secondary electron mode). Eutectic of RuAl {dack grey) and the Ru-rich solid solution
(light grey). | |




'I'hare way 4 lorger variation in the Ru,Al, analyses (Appendix XT), becanse the phase
regions were vory small, and thus the analyses can bo affected by the underlying ma&rial.

The overall cnm"pdsition analysis is not sxpected to be accurate, because it was an analysis o

of an aren (the standards were obtained with spot anafyses). The analyses for RuAl, and
RupAl; wero uzed as an indioation of the phase boundary posidon (Chapter ).

Dabyq-Sahelrer:expnrlmems conﬁnnad the presence 6fRu4Al,§ {not RuAlg « Chapter 6) and _
RW, althdugh .the'lim'es pertaining to the latter phuse were very light, This is an
indlnation that the RuaAI, phase was less #Btmdanz than Ru,Als: Unfortunaely, the
- prosonns of RuAl, way not confirmed, possibly dus to the region s the sample from which
thapowdefwusoﬁtained. - o o "

* Following .!u_'mt tmurmm at 1300°C for {5 bouwrs, 8 different cross-section was cxnmiM
which was iastly differont from the ﬁm The sam;:lo was very porous, and a wide mange
.. of phasos wers present (Figures 5.4, 5.5 & 5.6), which had formed in layers sround 8 cors

- of RuAl (as in the spmples of nominal Rm:Al,"énd RuyiAly). The Tattes conminbd Ry-rick:
saltd solution (Table 5.2) which formed n eutectic mixture  the RuAl grain boundaries
{Figure 54).

'Tho first phase layer (Flgure 5.5) comprised Ru,Aly, and this led into  rglon contaiting
a RuAl, ma_tr_ix.with dibmﬁ gnuns of KAl The lntter rcgion was ver}' porous, Tho |
| second sinle-phase layer consisted of RuAl, (poraus area in Figure §.6), and the next -
xogion consited of  RuyAl,s matrls, with RuAl, as tho tnaluded phass (lfs slﬁebfl‘igure
5,60



Figure 5.3: SEM micrograph of niominal Ru,Al, before heat treatment (secondary
eleciron mode). Rl (white), RuAl, (ight grey gruins), Ru,Aly (dark groy matr),

* Pale 5.1: Quantitative chemical analyses for nominal RuyAly (No heat tratment). |

PHASE | PHASE DESCRIPTION | ATOMIC % Ru |
B | owmt | 27642006
RuAl, |  Spasedispersion | 957408
 RuAt |  Disoreto grains 30.35 £ 0.08

Rudl, Matrx 2643 4007



Figure 5.1: Optical microgeaph of nominal RuytAly before heat troatment (Murskami®s
etch). Rut,Al, (matrix), RuAl ("bulky" Hight phase), Ru,Al, ("Sine” light phase), dak pores,

Flgure 52 Optical mimgmph of nominel R:.l,;,«‘kl,Il bafo:a heat treatrent (Mm-nknmi' .
etuh). Region cnntainlng mostly RuyAlyy, and dark pores. |




* “The alloys discussed i this ohaper are those comprising (ominally) from 28 to 50

© rothenium. “Thero §5 only one published phase diagram for this range of compositions

(Figure 2.2), according to which, the pham encompnssed by this Tange are RuAl;, RUQAIQ
and RuAL 'I'he results reported bulnw were obtained from optical and SEM exnmination.
EDAX analyses, and X-ray diffraction expc.ﬂ:_pnnts. The latter were used to distinguish
between RuAl, and Ru,Al,, which have gimilaj® composition ranges.

Duﬁﬁg production of this sumple, it appearcd m have littde surfacs tension ag it ﬂattoncd '

~ and crackied during conling, thus loosing itz hutton shape, Expmination was init!aliy'_ ”
conducted before annéal_lng the allon Optical mi&;osqopy showed that mﬁﬁt of the s'umple.
consisted of three phases (Flguro 5.1) -

There was an trey, near one edge of the snmple, which appeared to conmin veéuy little else
but the Ru,Alyy metix (Figue 5.2), and 8 Ingh degrce of pm'osity‘

The sample mainly consisted of disorete RuAl, gralus bt - mar, uf RuAl, (Toble 5.1), - o

if

with smalt smounts of Ru,Al, dispersed throu gl_:out B xi!Io; (tagura 5.3), Most of the latier :

 phase was adjacent to the RuAl, grains,
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Many of the ahove samples contained undesirable clemems originaﬁng from various
SOUICES, Tho most abundant oontammants were silicon nnd jron, which have a high afﬁmnr

| _fnr aiumirnum. The most oommon JOUNE c:t' these impurities wag the aluminium powder,
which was only 93% pure, |

|}
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The average quantitative EDAX analyses (Appendix X) are given in Table 4,18, The
~ overall anal;}s!s is not expected 10 b accurate (sinde_ﬂ:e EDAX was nélibratc_d only for

. spot analysis),

" Table 4.18: Quantitative chernical analyses for nominal RuyiAly (No hest treatment),

_ PHASE | PHASE DESCRIPTION | ATOMIC % Ru |

 RuAly Needles | - 266&0.1

CAlichsolid | Mamix 0.6 0.1

) Tho presence of RuAl, (not RuAl, - Chapter 6) and the Alzich solid were nonﬂxmod by_ o
- Debye-Scherrer experimenm. The Ru,Aly, analysos were used to indicwte the position of the
phase bound“x'f (Chapier 6). '

~ Further heat troatment of this s'ample resulted in a frlable mass, which could not be

examined,
This sampls was arc-melted, and then heat troated In the same ampoule as the RuyAlya,

The mi'i?u_lt of the treatment was A friable sample whicls was niot oxamined.
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Figul'e 4.31; SEM microsréph of nomm,,; Ru;,.- Aly (backse o 'el'ef:txon e, Rul,
(needies), Al-rich solid (max). : _ |

Figure 4.32: SEM microgrsph of norinal RuttAly, (backscattered electron mode). RuAly,

eedles in an Abtich matrix,




Table 4.17: Chentical aualyses for nominal Ru:Alg-b (No heat treatment),

 PHASE | PHASEDESCRIPIIDN | ATOMIC % Ru

B COvel | 137206
_Rudl, | - Mjority phaso 1 250%03

' "RuAis" - ' Un»cracked mnmr phase o 18.54 £ 0.03
RuAl, |~ Cracked minor phase o 151%02

" Altchsold | Duk segions in (SEM) backseater mods | 0,87 02

The Debye-Schewrer work conﬁtmed the presence Of.Ru.‘Alu (not RuAl, Chapwraﬁ),.-
RuAly, and Al in this sample.' Theze wete no undgus lines whicﬁ cduid_ be atteibuted to
" RuAl, The bulk Xeray vesults (Appendix IX)aIso appeared to confirm these l_ghases, bat -
- the results wers not conclusive due to the la;'go amount of porosityin the sample,

‘This sample was ot heat treated because the porosity would have been t0o great a barrier

1o diffusion.

This éample waé first examined prior to heat treatment and appsared to be homogencous,
Cosrse RugAl,; noedles (Figire 4.31) wers observed in an Alltich watris which appesred
1o bo single-phase, The needles {Figure 4.32} had ﬁ-ncttirnd tps, probab!y ﬁcquhed duﬂng
grinding, due to the difference in phase hardness, The morphology of the RmAl,, jndicated |
that it solidified as a primaty phase.
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Figure 4.30; SEM micrograph of nominal Ruyg:Aly-b (Backgc_attemd eleciron mode).
RuyAl,, (light grey), "RuAly" (darker grey), RuAl, (darkost grey), Al-rich solid (black).

R "R“A!g."

.  RuAl,

Ru,Aly,

~ Al-rich solid

The material surronnding the pores on one ¢dge of this sample wag found fo éontain-
zirconium, silicon, and some of the other materials from the crucible, mixed with the alloy

. elements, Thus the alloy had redcted with the crucible to  small extent.

The average standordless EDAX analyses can be viewed in Appendix IX. The nverage |
quantitative analyses ara given in Tabls 4.17, 'together with a semi-quantitative qverall

composition annlysis.
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Flgure 4.28: Upticnl micrograph of nommal Ru,,'Alu-b (etched) Al-rich solid (whm:),_“
RuAls (light grey, crackcd). “RuAls" (light grey, un-mckcd). Ru,Aly, (datk grey).

- Al-rich solid .
Figure 4.20: SEM micrograph of nominal Ru,g:Alyeb (vckscattered electron mods).
Ru,Al, (white), "RuAl" (lght grey), Rudl, (dark grey), Al-sich solid (black).

Al-sich solid

81



Figﬁrn 5.16: SEM mictogtaph o \. _taminntcd) nominal Ruy;:Ale snnealed at 1200"0 for
480 houes and 1050°C for 24 houss (backscattered electron mode), RuAl, (darh. grey),
. RuyAl, (lght grey), Alrich solld (living the pares),

. Table 5.6 Quantitative chemical analyses for nominal RuyztAly (LZ00°C for 480 hours,
1050°C for 48 houts). | - -

PHASE

[ | easmDESCRIPTION | ATOMIC# Ru_|
 RuAl Discrois in 2-phase tegion | 4413008 |
RuAl, Masix in 2+phase region 27,06 % 0,02
Singlo-phse reglons 36,61t 0,02 .
"Alrich solld Lining pores 99.74 & 0,06
o Inclusions 5041
S : 1
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" Detaild microprobe.analyses ean bo found in Appendix I, together with tho some
~ quantitative overall analyses. The former were used to detcnnina the RuAl, phase hounda:y
g posiﬁon (cmpm 6), | -

- Debye-Schetrer expaﬂmdnw'('rable 5.5) coﬁﬁmed_.the prescncé of Ru,Aly; (ot RuAls -
Chaptor 6) and RuAl, in this ssmple. It is possible thet feint Alrich pesks wene also
. prosant.'rheSu'anmanis t‘acm! wis 2.5093 degfeaspercm. Thep.hasaRﬁAlg@mﬂdalsobe' '
* discemied in the results from bulk X-ray experimeats, The latter roslts, howover, wers
umpmsanmtlve becauss the snmpla wag inhomageneous. |

¥ This sample was heat t:eated at 1200°C for 163 hours and wsnéc for 24 hows, in onder
10 investigate the high-temperature mcﬁons; Most of the .smnplé appeared to cénsist of

single-phase RuAl, (Table 5.6), aliowlag for the possibility of composition boundaries |
belng distorted by the presence of silicon and iron oomamination Thers were some reglons
which contained grains of RuAl, (Figure 5.16). 'The sampla waa porous, and the Al-rich

phose was observed. 10 linn thesc pores,

At higher _magmﬁcaﬂon sl mclusions (Figure 5,17} were discerned, Small ainovnta of
manganese were dotected in addition to ivon and silicon. The impurities conld not be
included in the quantitative analysas, but @ sqan was plotted (Appendix XII) to show the

impurlties presont in the inclusions, A sean of the Ru,Al, phuse is also given in Appendix .

X‘III to depict“the Impuritiey present in this phuse. The only possible source of

~ coniaminaton in this ose was the mbe {n which the sample was anresled,
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~ Table 5.5 _ﬁebys—Schmer Difﬁ_'auﬁnn Data For Rug,:Aly, (1200°C for 312 hotrs) (CaKor).

e e e e ——— —
4{0 | R(EsTy |  PHASE B 3 B | 'u-(w'
ﬁﬁf’ __ e bR
049716 vory weak . unidentificd —

o 042499 Yeak . unidentified — — J

_0:36755 vayswong | RuAly 2290 8

lob3sor | vovegoss | Rual, . 221 0%
030270 vory vory weak f. unidontified ) —

Mo 25404 L oty very wesk. ...l ubidensifled :

023718 - tnedium, . RuAl 113 Yyl .
022413 very. glrong BuAb. 1. 311 %Y,

021048 aeons, EOAL. il Q04 02187

021318 watlk unidenified 1. '
020754 yery strone RuyAl, u22 b poom
020288, .. Nory wegk RBuAl, 220 02033 ...
0,19980. CEVA S ROAL o fo 00 L 02003
0.18178 Arong, Busk. 313 0Jeo08 .

flarmenn Q26050 | vory wesk Rudl, 113 016130
045425 . very ek L unidend{ied
0.15178 Yary wesk. e BUAL 131 .0,15108
0:34931 weak RuAl, -3 0 | 0.14931
D.14404 ook, - JuAL : 429 034421 |
0.14033 wosk JRulb,. . 315 02407.....|
RIZTE.. _week RuAL. .. 206 033783

Nlsmnn 033307 Weok ; RuAl; 344 023392
O.12784 weak unidontified
012455 . west unidentified
28 . 4. S unidengifled

e 200204 vory vory wouk | uokdentlfied,

“These values wers taken from the JCEDS dala cards™, |
B/



"The standsndless chemical analyses (Table 5.4) were deemied 100 inacourats to distingulsh

botweert phases of similar compositions, so microprobe analyses were undertaken on the

RuAl, and RuAl, phases (Figure 5,15), and the sarnyle wes oléo subjected to further
EDAX ennlyses using 4 different SEM and wpdated software. Both analyses used pure
ruthenium snd alurlniom s standaeds, | |

'Fable 5.4: Chemical analyses' of nominal _Ru,;:Alu anneafed at 1200°C for 312 hours,

P | P | dombquén. | Mioroprobo | Quant EDAX - | Quant EDAX
Dosorigtion | Nems | \EDAX | (uwRw) | el | <Hixhl
| it Ro) | bR | %R
Ligtphass | Rudl, | 20504 | 358202 | 36M4%009 | 257402
 Dakphas | RuAby | 22016 | 25082005 | 262x04 | 4804
| Dakphaso | Atdich | 0402007 . . .
lining cavities | solid soln
Ovessll . MILOS - . .
pom, - ition
L i e T A e

The EDAX resulty obtained uslng the JEOL SEM (Tablo 54) appeared to rolnforco ths
 miproprobe analyses, and tho latter was used 1o calibrate the mors readily avellable
HITACHL SEM". The quantitative analyses obtained afler calibration were in good -

sgreement with the microprobs results (Table 5.4), |

‘Provided by MINTEK
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- Flgure 5.14: Optical mlcrograph of nomtinal Rug:Aly, anvenled at 1200°C for 312 hours
{etched with Murakami’s teag';:nt). RuAh(wh_itn dendrites), Ru;Aly, (dark grey), cracks and |

Figure 5.15: SEM micrograph of nominal RugyiAly anassled st 1200°C for 312 hours
* (brokscattered electron mode), Central reglon, Ru,Aly (dark grey), RuAl (tight groy).

. BE8955 25KU .




cases, the sparss aluminiurmerich phiase was not present in the matrix. An examplo of this
eatt bo viewed in _'Fi’gufc 5.13, where the dendrites have a "chewed“-appéarnnce. The latter - -
obsorvation may indicate the occurrence of a peritectic reaction subsequent to the formation

of the dendrites,

Figure §5.13; Optcal miceograph of nominal RuyAlg minealed 1200°C for 312 hours
(etched with Mumkami’s xeagemt) Al-rich solid (tighter grey, lining cmks), RnAl, (Wh!tﬁ

Tho balauce of the samplo consisted of RuAl, dondrites with RuAl, in the nterdondsific
_yegions (Figure 5.14), Again, some o the dendrites had a “chewed" nppearahce (Figm
5.15) Thera were smaller orocky observed in this cemral reg'lon which were not lined with
the A!-rich phase. '



This samplo exkibited a fairly low sucface tension during production, by flattening upon
cooling (as did the previous two samples). Xt was annealed az 1200°C for 312 hours befors
_ examining. The alloy appeared to hnva-various different regions, |

Near the upper and lower surfaces of ﬂx& huttmi-shaped sample iminy pores or cracks were
presont. They were lined with an Al-tich phase, and sniall fegutar dispersions of the later
wete prescnt between the RuAl, dendrite ams i the vicinity of the cavities (Figore 5,12).

Figare §.12: Optical micrograph of tormina! RuyyAly, annesled st 1300°C for 312 hous.
Alsioh solid (dark groy), RuAl, (whito deadeltes), oracks and pores (black)

"There were also regions In the sample which contalned Al-lined cavities, with the adjacent
microstructurs consisting of dendrites of RuAl, in a Ru,Al,, marix (Table 5.4). In such
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'I‘hara wam some regions which contained megularly shaped Al-nch sohd in ﬂ:le RuAlg
motedn, amd the former was also found to lme the caviﬁes m these regions {Figum 5.11; the

' shiny Bicas are ca\uﬂes)

The average standmﬂless chemical anelysos are provided in Table 5.3, and examplns of the
_ indivitioal msuits are contained in Appendix XL

 Table 53: Semi-quanitative chemical analyses for nominal RosestAly, (1200°C for 312

houss),

PHASE RuAl, j ~ Inclusions | Alrich solid
PHASE DESCRIPTION | Matrx | Regular phase | Tregulas phase
Ru (atomic %) 07202 | 308203 | 0I9£005
Al 690403 | 548405 | 9958 £007
Mn 005£003| 0800 [ 001%0
- Fo 0184005 460! 003002 |

Other soans (Appendix XI) also rovesled silicon contamination in this sample, The source
of the contamination did not He In the elemental materlals used, This sampls was the firs
in the batch to be arc-melted, and sincs the slectrods was not gtdund before cou nancinﬁ
the melting, it is passible that the fésidue from prlbr use contaminated this sample, Tho

'éili?:on cotaminaton may have stemmied from aanonling the sataple in 4 quartz tubs, -
However, since the lmpuritics are mostly confined to small Incloslons in the mmrh_:; this

samplo can boar some relovance to the corrent study,



Figure 5,10: SEM micrograph of (contaminated) nominﬁl R%:Al,;,-, (backcatiered
electron mode). RuAl, (dark grey matrix), inclusions (light grey), pores (black)

[TLEN

Figure 5.11: SEM micrograph of (contamninated) norminal RisstAly, (secondary eloctron
mode). RuAl (dazk groy mattix), Alrioh solid (black, discrote & Hining cavities).
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F:gure 5.9: Third DTA. trace for nominal RuygiAly,. Static air stmosphere,

- Tempepatope Diffsrence (°0)

L

a0 . 8B 860 . 1000 4m6p | 1400 4800
. Tumperatups %) TeA-OTA V4,08 T4 Inst 2000

@ abo

Nominal Resiles

This alloy dis;‘ilayed low surfoce tension in the same fashion as the pmﬂons one {by
flattening and cracking upon cooling). Befors examination, the sample was.mmcaled at
1200° for 312 hours, It appeared {0 consist of two different regions and hod many pores
and"t_:_;wiﬁes throughnut (Figures 510 & 5.11). Moét of this sampls cdnsisted of RliAlz with.
small, regular, inslusions dispersed throughout (Figure 5.10; the dark' arens are pores), It

‘wag contaminated. with small :_uhonuts of ‘mangunese und iron, most of which wag

concentratad in the inclusions (Table 5.3),
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Figure 5.7: First DTA trace for nominal Ru,yiAly,. Nitrogen Slow of 100ml/min.
a h_— -
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Figure 5.8: Second DTA tracs for nominal Rug: ALy, Nicogen flow of IOOmUmin
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“(Appendix XT). 'ﬂae silicon .was possibly introduced ducing the heat treatment in a quartz.
whe, - ' ' -

Dobys-Schotrer diffraction ilms confiemed the prescnce of RuAl, and Ru,Al (2ot RuAl, -
Chapter 6). There is a small possibility that fains Al-sich sud Ru,Al, lines were also prosent
on the film, The plane spacings'could not be calenlawd becavse there were 1o high angle.
Hoss, - o

Thres theraul jaﬁrtlysi:: scang Wem__ﬁm_ on this sample (Figures 5'.7',.5.8 & 5.9). Magniﬁed
tions of these scans aro given in Appendix XI, and show the reaation peaks fn detal,
The last two acans were similar, but very different to the first, ‘The f‘:rst reaction of the
Tatter scan (Figuro 5.7) was endoﬂ:ennic, with an onset. ﬁcmpemtmu of 656"0. and peaked .
at 660‘0. The secpnd endothermic macﬁon sad an onset tempe:ature of 730°C, and peaked
at 741°C. The third reaction was exothermic, and started at 795°C and peaked at 803°C,

' _The first two heating cyclos emplowd an inert nitrogon atmosphere, whils the third had no
| protection against oxidation, All of the mactions in the second and third scans Gigum 58
- &59) were endothermic, The first obvious reaction of the former (Figure 5.8) had an onset
temperaturs of I353°C and peaked at 1363"(:. Thn second reaction started ut 1418°C and
 peaked at 1432°C. 'The first veaction of the last scan (Figure 5.9) sierted at 1343°C and
peﬁkod at 13595°C, The second reaction started at 1416°C and peaked at 1428°C, In both
~of these scans thore was & small dip in the plotted cvrve at about 1460°C, Sincn it was
| present in both curves, it is probably inhemnt to the system, 'The im “qations of these
| results are discussed in Chaptcr 6.
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The sﬁlhple kppeaied to have & twa-phnsa dendritic micmstmcmro(Figure 529 cmnéﬂsing
RupAl, dendrites in & Ru,Als matrix (Table 5.11), .'i'hcre were fins, infimaté mixtures of
the phases between the dendsites, Whlch appeared as mu additional phase- when unmsolved
at low magrﬂﬂcaﬂon (Figure 5 25).

Flgure 525: SEM micrograph of (contaminated) nominal Rug:Aleb (backscateered
slectron sids), RuAly (dsndsitos), Ro,Aly (matrln),

At bigher mugnification, small amounts of a light, discrete phase were obiserved in the
interdendeltic tegions (Figure 5.26), ag well a3 two fine "onteotio™like mixturos, Having
- distinet morphologies. They hnd « differsat appesrance to the small RuAl, particles of the -

U6



| Tahle 5.10. Quamitntwc chcmical nnalyses for nominal Ru;, Al.,s-mn (1300°C for 6.5
hours, 1100°C for 65.5 honrs), '

PHASE _PHASE DESCRIFTION | ATOMIC % Ru_|
RuAl . Stnall single-phase region 53,4309
RuAl, |  Discretaphass | 4283203
| R, | Maix | 3591008

“This sample was pioducsd $1 an induction furnace in & ziroonis orucible. An exodermic
© reaction occured at about 950°C, and the sample was furnace-cooled and thén afr-cooled.
The alloy had fused to form of a "tree” Structure (Figure 5,.24) on the gide of the crocible.

ngure 524 Mumscopic x:hotogmph of numinsl Ruumwb. “’rme“ structure formed by

fused eloments.




Figure 5.23: SEM micrograph of (contaminated) nominal Ru,,:Al@-—am annesled at 1300°C
. for6s hots and 1100°C for 63.5 houts (backscattered elecu'on mode) Mnjority of samplo:
RuAl (ark grey), Rudl (k. |

The average quantitative analyses are glven in Table 5.10, and 2 standardless annlysis of
the RuAJ phass is given in Appendit XV io show tlie_ low levels of silicon, iron, and
zirconium contamivation in the snmple The analyses could not be nsed 1o deferming the
positions of the phase boundaries, ‘I‘he nﬁcrostructum of this sample was obvlously not
aubsiantinlly affested by the anneal, becanse a reglon of RuAl way present,
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* and 525 did nor differ siguificantl fn composition fom the phases in which they were
chserved, and were thus deduced to be polishing marks, The pmaehce of RuAl, ag the
matix phase iy an indication mat thls cnmpaund s formed directly from thc melt, and not
viaa peritectoid reaction (Figum 2.2).

\ Figure 5.22- SEM micrograph of (contaminated) nominal R%:Al@am aanoaled at 1300°C

for 6.5 ours and 1100°C for 65.5 hours (swondnry ulr.ch'un mods), RuAl (ight prey),

RupAly (dﬂ!k =), RUAIc (black).
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silizori, and iron. A semi-quantitative 'an'alysis was ébminéd and sean ﬁas plotted to show .

‘the contnmination' (_.'Qppendix XV) The average quantita_tive analyse: are givén in Table

5.9. Nominal RuggAlesa hd boen melied in a ziroorda. rucible, and the odgos of this
sample must have mcted with the crucible and thus contaminated the stfbauqucm arc-

melwd sample, -

Table 5.9 Quinfitative chertical analyses for nominal RogAlram (N heat treatment),

PHASE | PHASEDESCRIPTION | ATOMIC%Rw |
| | Overall ~387 -
 Ru,Al,  Dendits | 466%02

RuAl, Max | 367402

' Debye-Schetrer sxperiments could not be used to facilisate phase identifization, because the
irnpurlty clements would have altered the diﬁraction pattern, and rendered linc
 jdentification near impossible.

The sample was het tresed at 1300"(: for 6.5 hours, and then the tsmpsrature was reduoed
to 1160°C for 65.5 haurs. because the guars mbe find expanded at the higher tampemmre.

A differsnt crosswﬁon of the sample was examined,

A small single-phaso region of Rusl was ebserved in the sample (Flgure 5,22), whick was

smonnded by a Iayer of Ru,Al,. The rst of the mlcrosmwmrc (Figure 5.23) consisted of
: RugAlg in a matrix ofRuAl, CI‘ahln 5 10) The light spots which ars presont in Figum; 5.22
| 12



cracked. Ths dcndritcs (Figure 5.21} appemd o contain a fine d:spersion of particlas,

whxch were 100 small to analyse.

‘Wigare 521: SEM nriropraph of (contminated) nominal RugAlgeam before heat
tréatment (backscnttemd eiectron mode). Ru,Al; (lighter coloured dondrites), RuAl, (dark

mntnx), oontaminated eutccﬂc-ﬂke netwmk.

The interdendritic régiqn comprised thres phns&s (Figure 5.21), T.Ii_a major phase, RuAl,
{bldck in Vigurs 5.21), appeared as turge rounded particies, The other two phases formed

8 cutestic berween those particles, and -vert found to contain largs amounts of zirconium,
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T[4 ons)

| PHASE

T@ET) hkI
() - : (qm)
013389 | veywek | RuAl, 3310 | 013392
0‘127-73 | viry wepk uhidenﬁf‘le_d j
0,12608 | very weak unidentified
0.12440 very weak unidentified
012298 | verywesk | unidentified | |
001991 | very weak ReAl  |211 01204
011802 very weak | unidentified | e
0.11627 very weak unidentified | .
loo214 lveryveywesk |RuAl  |310  |0.0033
| 0.09005 veryverywenk |widentified | |
008853  |veryverywesk |RuAl  [311 | 008895
008710 very vety weak | uridentitied |
0.08674 very very weak | unidentified | |
008518 | veryverywesk | RuAl - 222 008516
0,08190 very wenk RuAl 320 043182
Il 0.08045 | vnrjvmvlenk unidentified N _
1 ogmodz vezy very wenk | RuAl 321 (007884
| 07837 very very week | unldentified | .
L s s ——

This sample was produced by arc-melting Ru,,:_Al'f;r_a. It mg-. first observed in the as-cast
condition, There wes diffleulty idenﬁfjfi_ng the phases from the quaﬁtitativa nnalﬁmes (Table
55), benuu.gc they wete contaminated with fron and ziconium, but it is ._thought tht the
E dcndﬂt_‘es' were hugmg. and tjle matrix .waa malnly RuAly, The 1ﬁttcrphase wos dxumsivély
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Table 5,8: Debye-Soherrer Diffraction D For RuytAl,sa (No heat treatment) (CuKer).

109

© “Theso values were taken from the JCPDS data cardst,

(4(0BS) | I@ST) | PHASE  |hk' | a(CALOY
i (n) | | (nm)
04268  |medim  |uedeotfied | |
0.36833 | strong RuAl, 220 0.36
S | RuaAy 111 0369
033400 | veryswong | RuAly 22 | 0332
029530 | medtom = |RuAl, 202 0,296
| - 3 RuAL 1100 { 0295
1024508  [verywesk  |wmidemtified | 0 |
I o23nz weak ReAl,  |113 | 02276
022421 | sweong RuAl, 311 0.2247
021926 | mediom RuA, . |004  |02197
021320 | weak | onidenified | |
020749 | swrong ReAl, ~ |022 { 02078
T RuAl 110 02086
0.20274 | very very weak | RuAl, 220 0.2033
0:18182 wong |RuAl,  |313 018206
1 0.16688 very wenk | unidentified )
046110 Iveywesk  [RuAl, - 113 0.16130
/1 atsar ! very wealk unldentified | |
(15182 vory veryweak | RuAl, 131 015155
0,14923 very weak | Rual, 224 1 0.14917
0.14758 very very weak | RuAl, 404 . | 014801
| [Rual  [200 0.1475
0.19406 vory wesk | RuAl, {422 | oaem
014021 verywesk | RuAl, 315 0.14017
0.13753 weak | RuaAl, 206 0.13753




Globular patches of Ru,Al,,, containing' small péttisles of RuAI,. wcm observed near the
RuAl, dmdnte anns (F1gurc 5.20) This featme is pmbably dus to the lugh coolmg rates
' experinmed by tﬁe aample

The mge standardless BDAX analyses can be found in Appendix XIV, The aversge |

- :-quanutauve results are reported in Table 5.7, tugethm with semi quanmauve overall' .

composiuon est:mnuon. _

Tabile 5.7 Chemical analyses for nominal RuygtAl-a (NG boat treatment),

'PHASE - | PHASE DESCRIPTION | ATOMIC % Ru |
o Oveill | m2x02
‘RuAl Smaﬂareaindend:iw 536402
RuAl, |  Dendsites | 35812007
| Rl Mawix | 25004005

'The quaﬂtitatl?é results led 10 some uncertainty mMg pﬁ;ﬁée identification, Acr_;mﬂmg o

-.to these analyses, the major phases could Have been RuAly and RuAl, However, the -
 Debye-Scliorrer rosults Tabie 5.8) indicated thy presence of RuAl, RuAl, (not RuAl, -
. Chapter 6), and RuAl Tho. Seaumanis factor was 2.5013 degress per o, The RuyAly
analyses gtwe an mdwnuon of the phnsn boundary posiuon (Chapter o)
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Figure 5.19: SEM micrograph of nominal RuysiAles-a (backscattered electron mods). RuAl
- (senall Hght sogion), RuAl, (darker grey), RuyAl; (dadkost groy). |

Figure 5.20: SEM micrograph of nominl Ru,gAlysa (secondsry electron mode), Rudl,
(iight grey), Ru, AL,y (dark grey). B




occmmi, and the elmnems'fusgd to form & “trec" structure, as did nommal Rus_;Alﬁb (_sée‘ .
| Figure_ 524) No further reactions were éb.served when' Ithis sampic was heawd to about
8 1300°C, Ekanﬁnaﬁon mv.ealed a microsiructurc oon#isﬁng of RuAl, dendrites in a Rﬁ.‘Aiﬁ |
matyix (Fxgure 5.18). The small parucies of RuAl, in the matrix posszbly originated fmm'
: decomposmox: of local mhamoguneztics mto Ru Al and RuAl, during fast cooling.

Figure 5.18: SEM micrograph of nominal Rug,'Al“-a (backscattmd electron modc) RuAl, N

: _' (light EI‘BY)» R“ﬂta (dark gre}')

A very small region of RuAl was observed in this sample (Figare 5.19). The edges of this
region were iregular, possibly due the involvement of RnAl in a peritectic regction,
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 The weight percent totals of the analyses for the Al-rich solid are low, due to the preseme
of oxide, and an oxide analysis is given in Appendix XTI, showing that it is ALO,,

Figre 5.17; SEM micrograph of (contaminated) nominal RuytAl annealea at 1200°C for
'480 hours and 1050°C for 2%4 hours (backscamred electron mode) RuAl, (datk gmy),

 RuAly (light grey), Al-rich solid (black), inclusions (ﬁshtast)

- 'This sample was produced in an induction furnace, Near 950°C a0 exothermic resction
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‘The analyses for RuAl in the two-phuse mgibn were nsed 1o modify the phase boundary
(Chapter 6). The presence of RuAl and the Ru-sich solid solution were confirmed by the
Debye-Scheryer experiments, Accumte plane spacingé could not be m’poitad. sitice thers
wero 10 high aﬁgio peaks available for calculation of the shﬁnkngo factor, Buﬁ: X-ray
resultn only oont“mncdthe phase RuA, because the sample was Mhomogencnun and porous, |
and shero. was vory ltile etectic present. |

Image analysis ﬂAppendix va) of thig ssmplo showed that approxmataly 4 w% Al was
| lost from the surface of this samplc by vapmsation Tt must bs noted howwer, thay the |
X 'mult quoted for Ru,p:Al, cannot Lo statistically accurate, singe only six frames could be

'This sample was geen to display a slow e;rmhermié reaction diring src-melting, Tt was
* annsuled at 1200°C for 2 hours before the first examination. As fn the caso of the previous
sample, this alloy was found to have a ccntral regibn which was mostly single-phase RuAl,
and an outérreglun which- Was twophasn Flgurg 5,35 shows the IbOundmy betwesn the two
regiony and gay porosity in tho éenh'o of the .smnplo. |

A fine cuteotic betwesn the Ruich solid sotuclon and RuAl was observed at tho grain

_ bnundar!es of the latter phase (Fignre 5,36), 1t hnd a different morphology compared to that
observed in the pmvious sample (Figure 5.34).
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ﬁ'igure 5.34: SEM micrograph of nominal Rugidlg annénled" at _1300“0 for 2 hours
{backscattored electron mode). Euteetic mixture of Ru-rich solid (light grey) and RuAl

A
R BOEDT ;21-.-?3&&;,51.,1-_ TTRU

.Table 5.15: Quantitative chcmieal ﬁnnlyses for nominal Ru,ytAly, {1200°C for 2 hours),

PHASE | PHASELOCATION | ATOMIC%Ru
Ru-rich solid |  Eutecte with RuAl - 758%£08
RuAl Two-phase region 343404
~ Single-phuse contre | 5177 3 0.06
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 annealed at 1200°C for 2 hours befors examining, It was found o have 8 centrel reglon
which was mostly Pingln-bhdse RuAl, with gas porosity reﬁulting‘ from the production
methed. 'I'he outer region near the mnf:*ca of the sample contained the Ru-rlch solld
solutu;n ('lable 5.15) at the RuAl prain boundaries (Figm 5.33)

B Figure 533 Opucal micmgmph of nominal Ru,,-,-AI,. annealed at. 1200°C far 2 hours.
RuAl (groy}. Rn-:ich solid (white).

'The Ruerich solid was found to form & fine eutectic with the RuAl (Riguro 5.34).

The average semi-quantitatve EDAK analyses are reported in Appendiz XVI, and the
average quaniitative sesults are given in Tabis 3.15.
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"_I'hé heat m:_ment had litde effect on the homogensity of ihis sample. Stahdaidlcss EDAX
analyses (Tablo 5.14 & Appendix XVIT) showed that this sample was convaminated with
 sifivon and small amounts of iron. The contanﬂnnﬁon:must have ticen due td extonistve hoat
treatment in a silica tube, since it was cither not present before heat treatment, or ot a8
obvious then. It could be a contributing factor to the difference in microstmctmes before

*and after heat treament

 Toble 5.14; Semi—quantitativu chemical mmlysus for nominal Ru,, AL,, (1200"0 for 840_

honrs).
PHASE - || Ru-rich solid | RuAl | RuAl
PHASE | Butectic with | Un-omacked { Discrste | Majority of
DESCRIPTION |~ RaAl bands | phuss |  matrix
Ru (atomic %) | w11 48,8 04 | 44562002 380£01
Al o8&l | 499404 | 53.68+006] 61002
st 1002 L1202 | L1£01 | L0£01
Fe - 013006 | 0.138% 0.008 | 0.65::0.06 | 0.08:+002 ||

Since the sumple was contaminated, and. tha obaarved phages (Ruerich solifi, RuAl, and
- RyAly) could engily be explnined in terms of Obmwsld’s phase dlagram (Figure 2,2),
 quantitative anslyses of the phases were not undertaken,

Dutlng aro‘-molting qf'this sample, a slow exottisrmlo rerction was observéd.- The alloy was
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Figure 5.31: SEM microgragh of (sontaminated) nomal RvzAl waasaled at 1200°C for
841 hours (secondary electron mods), RuAl (ight groy), RuAl (dark grey).

Figure 5,32: SEM micropraph of (contamtinated) nontinal Rutgr:Alg annealed at 1200°C for
840 houts (secondary oleotean mode). Ru-tich solid (ight grey), RuAl (dack gvey).
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The averaga" standardless chemical analyses are gives in Appendix XVII. and includu an
analysis of the aren depicted in Figure 5.29, The averago quandtanvc analyses are rcportod _
in Table 5.12. The Ru-rich solid solulicm was not t:nalysed with standards becauss the
regions WIS 100 smail, howc\rer the semi-quanntnuve result rcported B ruihenium tontent
of 883 att

- 'The quantitative Ru,Al, and RuAl anslyses were used to determina the position of their
Tespective phase boundanes {Chspter 6). Bulk x—rqy axperimonts only confirmed Lhn "
presenca of RuAl, pmbably because the sampla WS 100 iuhomogwrnus to obtain

 representative rosults Dobys-Scherer results (Tablo 5.13) confirmed the prosence of RuAly

- and RuAl, Somepenks wer present which matched Ru,AI,, but the Ru-rich paaks were not
pregent, The Steaumanis i’actor was 2.5028 degmes per cm.

This sanple was inhomogeneous, asd was thus heat wested at 1200°C for & forther &2
hotrs and wassr-quenched from this temperaturs, A different crossesection was examined,
but the sample was stll porous.

Most of the microsuctuts comprised dlscrets RuAl in a porous ana eracked Ru,Aly matrix |

(Figuro 5.31), but there wers bncracked bnnds in the microstructute consisting of RuAl

grains, The Ru-rich solid solution had' formed & sutectic with RuAl (Toble 5.14) at the

* genin boundistos f the lattor phss (Figure 5.32), Thoro wers also amall aroas in the wne
cracked RuAl, which contined pasticles of Ru,Aly
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 Table 5.13: Debye-Scherrer Diffraction Datd For Ruy:Alg (1200°C for 168 houts) (CuKe),

S I sl G [l
036849 very steong, RuAl, 110 | 0369
03870 ‘vory weak RuzAl, 004 0358
R R R TR
. _ _ R 100 0295
0.23684 ‘medium RuAl, 113 02376 -

1 oz2360 wry strong RuAl - 311 02247
R R R O

N T~ T )

_ . R 110 (0.2086

D.20263 - very weak RuAl, 220 0,2033
0.19966 ' very weak | RuAl, 1400 | 0.2008
0.18491 " very week Ru;Al, 114 01861
0.18129 slrong RuAl, 313 018206

!l 0.16075 veywak | RoAl, [ 1135 0.16130
0.15351 vory very weak unidentified
045155 very vory wek | RuAl, 131 { 015198
i A - N
0.14388 voty wenk RuAl, 422 0,14421
013991 weuk- Rual, 31§ 0.14017
013357 weak Rual, 331 013392
042761 wosk uildentificd
019417 tediom unidentificd
10,1229 wenk unidentified
0.11604 “woak unidenilied | N
0,10383 very wopk - RuiAl 220 | oa043

|| 010250 very weak unldontified | I

T 009874 very very woak RuAl | 300 000833
0,09209 vory vty weok | unidontified _ _
007950 very very waak Ruat 321 007884

“These values were taken from the JCPDS data cards™,
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Figure 5.30: SEM micrograph of nominal Rug:Ale; anacaled ¢ 1200°C for 168 hours
(backscattered electron mods). Small un-cracked ares, working outwards: RuAl (light core)
with Ru-tich solid (white), Ru,Al, (light groy layer), RuAl, (dak grey matrix), |

 Table 5,12: Quantitative chemical analyses for nomint Ruy:Aly (1200°C for 168 hours),

PHASE |  PHASEDESCRIPTION | ATOMIC % Ru
RuAl | Madxof uormckedrogion | 50206
Ru,Aly Layer surrounding RuAl ALG £ 05
Rudl, |  Mutex of eracked wgion | 347405

T e S e e e e
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'The matrix of the un-cacked mgiaﬁ-cbnsisted of I{uAl In snine’. patis of this region, the
* Ruich solid slution formed 2 euteoic with the RuAl at the grin boundarles (Figuse
528). In the central arcas of the nn-craclwd region, RllgA’ had formed at the gl'ﬂm
| boundaries, with ﬁne precipitaes of this phase in the RuAl grains (Figum 5.29) ’Ihere WAS
also a Iaycr of Ru,Al, surrounding the Rual mgmn

Figure 5,29: SEM micrograph of nominal Rig:Ale annealed at 1200°C for 168 hours -
* (backsoattered electron miode). Un-cracked region: RuAl (tight grey), RiAl, (dark grey).

A small a_réa in the cracked reg‘_ion' appearcd to be a miniatars version of the entire sample
(Figure 5.30). The balance of the cracked reglon consisted of discrets Ru,Al, grains in a
~ RuAl, matrix,
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Figm-e 5.27. Optical nucrograph of nominal R'a,-,.Als, annealed at I?.GO“L. for 168 hours
 (Murakam’s stch). Ruich solid (white), Rual o acked, g enateix), RuAl, (thin
' """-!s.yer), RuAl, (mcked. dark matrix) containing R_uz-AI, _gram_s.

Figure 5.28: SEM micrograph of nominal RugtAly, sancaled at 1200°C for 168 hous
(banks_caitmd electron mode). Un-cracked region: Ru-rich solid (white), RuAl (grey).
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.

 contamination). It was assumed that this phase was RugAly bsoause it formed a "eutectic”
 tike mixture with the Ru,Al,, matsix, as in the caso of the nominal RuytAl, sample
e y

' Table 5.1; Quantitative chemical analysos for nominal RugstAlerb (No heat treatment),

" PHASE | PHASE DESCRIPTION | ATOMIC % Ru
C RuAl, | Dendrites | 3653%002
- "Buteotlc™like | 30073004
Rl | . Maix | 2e7s01 ||
u; Larg&-dismte phase | .—'28.8'__ |

The gsemi-quantitative an.al_ysls' of the overall composition showed that the sample contained
about 29 2% Ru and 0.8 i Zr (Appondix XVI), | |
: Lo . '

- Nomingl RucsAl,

| Althopgh the ampoule conwmmgthe Ruyy:Alg, sample eracked duriﬁg heui trentment
(1200°C for 168 houm); there seemed 1o be no _i;bﬁous damage to this sample. This smpie
- was definitely inhomogenicous, and comprised various phases..Maorbst:opicnlly, it had a
eracked roglon and an un-cracked region. Figurs 5.27 shows the differsncs between h two
 roglons, as well as the relative etch colours of the various phases, The variety in eich
colourof & phase can by auributed toa variation in grain orientation, Especially in ths thin
Rudl g, - | |
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o previous sample (Figure 5 20) The composition of the larger discrete particles appeamd,_ '
in backscmmd electron mode, o be similar to that of the dendrites,

. Figore 526: SEM micropragh of (contaminated) nominal Ru,s'mﬁ,'-b (backscatered
electron mode} Ru,Al, ght gxey bulk), Ru,Al, mau-ix),nvoconwnnnated eutecuc-hke :
_mixmres |

The inteu'dmdxitic mixtures contained a high proporﬁon of zm.. nium A scan was plotted o

1n order to dopict this observation (Appcndix XV, The Inrger dlsm:ewe Pphase also uonmmed

| zirconium, and hence an aceurate quantitative analysis could not ba obtained, Tt was not
 clenr, from the chermical analyses (Table 5.11), whether the dendritle phase was Ru,Al, or

RuAl, and Debye-Scherrer expeciments could not be used to identiy the plare (dae to the
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The sbsence of the phase RuAl, from Edshammar's samples™ (quenched from 660°C)
agreos with thie observations made 'By An‘:lzigc‘?I which cast doubt over the exjstence of the.
" phass, proposed by Obrowsk t form ut about 720°C,

IJuring' Varich's lnvestigation of :'-ap'id solidiﬁcatlon"in this system™ he did not observe
RuM,,l in hig alloys. wlfdch contained less than 4.16 ath Ru, All of his ailoys contained

. more t!mn 0.5 at% Ru, and those used for determining tha eomhbﬂum solubility of Ru in

Al were annunleci 3t 650°C for 50 hours. These atloys, according to Obro\vsl:i, should have =
contained Rudlj,, but RuAlg was observed instnad This once ngain lends support to the
idea tlmt RnAl,z doos not exist. '

6.2 Discussion - _ic Individual Samples

Although this sainple appearcd 1o bie pmmising in terms of homogenoity, it was mndmd
* of limitedd uso 1 the cusrent invostigation by tho large quantities of impurides prosent
(Table 4.1). Theso eloments wero probably introduced via the slominium powder, which
was only 95% pure, According to Obrowski’s phase dia'gr-.am”. the phase RuAl, should
be present in the sample, Tts absence could be dus to the contamination, In smhn;i'aglnns
the RuAlg particies are very fine, and this could be interpreted gy Mg' the euteotic
betwean RuAl, and the Alrich sofid solution which Anlage proposed®, Slnce the "atae"
:ﬁorphology of the fins RuAL partlnins {(Figure 4,1) was not observed in other samplos, it
is.likoly that the goﬁmmiﬁatiun sffected this, | |
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was transformied, or RuAl, forms divsctly from the melt, Therefore, ther may be a
peritectic reaction point (farming RﬁAw at 3333 at% Ruor st g slightly higher
composition. In the heat treated cc_mdition this alloy fits Obrowski’s phage .c‘iz_;grim. h

Tn Bdshammin’s m-m@ samples comaining' 3077, zs;_s-z, and 27 ath Ru, Inma.. if any,
B Rv_A]; was detscted (the remalnder wes Ru,AlLy), Ttis ﬁvssiblb that the proposed peritectic
poém for RuAl, lios at u higher Ru éompbsitien than these samples, and thus a metastable
'phhée (RuALu) forms Instead. Xt was .,.nowd that there is no eutectic of Ru,Aly and Ru_Ala |
~ in these samples. In'tha heat treated condition these samples confonn 10 Obrowahs phase

Edshammar’s samplo containing 25 at% Ru was repotted 10 consist only of RiAlg In the
axc-melted condition. This would not be likely to ocour if Otirowski's work is correct,
sinco, nccor Hng to his phase diagmn, the L, —» RuAl, + RyAly entoctic reactlon oceurs
befom the s»lid state fonnation of RuAl, (Figure 2.2), However, it Anlage's dlugram is
carrect, then it Is quite possible to form RtuAl,,, nither peritectically or dircctly from the

quuid, in an arc-melied sample.

The Iack of the phase 'RuAlg in Bdshammar'y .sm_mplos (contnhﬁng 14 at% Ru and 20 at%
Ru} qtmnc’hed- from 950°C can be easily ui:pl&imd by Aniage's formation temporature of
723°C for RuAl, (Figurs 2.3), In Anlage’s samples contaluing 10 atf Ro, the phase RuAl,
Waé found w0 form via a peritcrﬁc engtion when the sample was cooled aldwlyl"" The fact |
'.thnt RuAl,, forms with slower mthar than faster cooling peshaps indiuams that RuAl. is
| Mo likely 10 be a stable phase eather than a metastable one,
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stable temperature range is incorrect, or that the phase is very difficult t decompose,

In the m'o-molted condiuon, his samples oontninmg 36.36 to 4444 0% Ru consisted of the
) phases RuAl and RuAl,. According to Obrowski’s phase diagram, one would hnvc expected

1o find Ru,Al, instead of RuAl, This suggests thaxRuAl, forms at higher tempmnn-os than

Obrowski predicted“". possibly highor thar the fonnaﬂnn of Ru,Al, or, ifbelow. very close

101, (The current investigation hus sliown the possivility of a seriey of peritoctio renctions

- forming Ru,Al,, RuAl, and Ru,Aly, in that order.) X this iz the caso, thon the renction to

form RugAl, could easily bo missed by undsrcooling of the alloy, dus to the fust cooling

~ conditions (as in the mc_ﬁstablo Bngs stable Fe-C system when forming cnmentitﬁ or graphito

ospectively), ospeclally 1f the two reaction temperaturos are closs together. Tho heat
treatment at 950°C tcsulwd in the formation of Ru,Al whess ft dld not exist before, 'I‘his .
suggests that Ru,Al, is stablo (o temperatares Iowor than 950"(:. 1t slso suggests t.hat.
the composition rangn 36.35 to above 44,44 5t% Ru and nt the mmpmtum of 950°C, thers
are two two-phase msions in the phm dingras: RuAl, + Ru,Al,, and RuAly + RuAl, I
this is the cage, the cuntlnued presence s the heut twased aumples of RuAl (in thu less Rux
rick snmples) and RuAl; (in ths mote Ru-rich smnplcs) can be explained in teres of the:r
high stabinty.

: Accurding to Obrowski’s phase diagram (Figurs 2.2), in an asc-melted alloy contalning

33.33 at% R, ono would expest 10 ind nt loast the phases RuAl and Ru,AL,. The fsct tha -

- RuAl; was ideatified In Bdshammar's m-melwd sample of this cpmposiﬂon again suggests
- that RuAl; forms ot much higher temperatucss than Obtowski predicted, In addition, the

appare:it sbsence of AL saggm that, either only » small smount of RuAl solidified and
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of the phase, i he quenched the sample, Schwontma's work was difficult to assess due to
Jack of information regarding heat treatments, 50 it was difficult to uscertain the exact
. implicntions of hig invcsﬁgnﬁon: but there is an implication that RuAl is stablo at higher
emperatures than postulated by Obrowskd, R |

Bdshammar's™ arc-melted and heat treated (950°C) a"émples (Té&ies 2.2) can bo used to
deduce the likely whereabouts of some of the liquidns and solidug Hres, as wcl; a8 the
 relative mnperatures of formation of the phaaes

" During Edshammor's investigation of the Ru-Al systom™ the phase RuAL, s was obsérved,
| but only in the arcmelied snmplas Henes this niay siinply ba an inkomogeneity promoted
by nun-oquﬂibrluin cooling encoun:ered during the arc-melting pmcass. or it may be a high
wmpemmrc metastable phasa. Tho laiter i3 the more probable suggastion. sinco the phase
had its own Xeuy powder pattern (Xable 2.8), which suggests a distinct structure, This |
| phiss was found 'in fonr shmples. but has not been roported in -other publications |
conceming this system, Thare ivas 8 lack of éiaxiw in his publication: in the table of
gampls phases (am-uielﬁﬂ and heat tredted) he zeported the phages a3 shown n Table 2.2,
|  whereas in the tex, hie sppoars 10 be stating thar the RuAL, s phase transforms directly to
"Ruhlyd", or Rudl,, Ifthe toxtual description reprosents the caso, then Obrowski's phass
diagram is not nncessnri_iy contradicteds but if the results as prosented in his table reprasont
the situation, then Qbrawaki's phass iagrom i3 compromised, as is disoussed bolow,

. 'The fact that Bdshatmmpc obsorved the phaes Ru,Al, in samples quenched from 950°C (0.8,
his’_f.#amlslq containing 44.44 at% RuP, suggests that elthv, Obrowski’s estimate™! of its -
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| phase RuAlp, has not been detected in any other independent stt.:di'es:of‘ the syster. Thirdly,

* the RuAl; and RuAl, phasos wose found in  siilar sample (ominal RutAl,), snd
Jooked sitnilar to Obrowsk’s proposed phases, an_i_ﬂﬂy. the proposal removes one_'of the
inconaistencies in the etohing colours of the phases (Yable 2.1), which is that the relative

oigh mm it in Obrowsk?'s tho samplos. In the 19.3% and 25% Ru samples, RuAl,

N *!*iﬂw. 54 RuAl,g a8 guoy. However, in the 13.75% Ru samplo, RuAl, I
| _ .1"_ SR e ‘-17. and the white phase is descﬁbcd as RuAl,, (as it I8 in the 0.5% Ru
i ;e} If the RuA}m was & mimdcntifimuon of RuAl, (which iy the phase containing the
l»aat amunt of ito a all other iumﬂguﬂona, including this one), then Rum, nlwnys
Appears whits, andRuAl, (or Ry, Ay iy aonsiatenﬂy ey, Lustly, Obrowskil reported thc
fermpsra. e of formation Of RuALy and the outecsic temperature b sgproximately 630°C

and 720%C respectively, while Anlagu"’ obsezved RuAl, to form 8¢ 723°C and stated that.

the cutectic temperature is 652°C. These renction temperatines are emarkably similar, and
~ suggest that Obrowski may have made an error in deducing the reactions t:onuapdnding to

these temperatares, It appears that he identified the phases using X-ray datﬁ.-Sincu- he |
incorreotly idenified the orystal structures, it is feasible that o mey have idontified the

phases incorrectly.

~ Schwomma’s investigation™ also shows inconslstancie_s with the published'phase diagram,

Actonding to Obrowski's -diagmm. the slow coo!ing of Séhwommn's snmi:lus containing -

$3.3 at% Ru from 1750°C to 1350°C should not form RuAl, if it was subsequendy
* quenched from 1350°C, Bowaver, the specifled ﬁeannent would vesult In RuAl, if this
phase wag stablo ot temperatures higher than 1350°C. Thos thwomma fdund Rudl, at
* much igher temperatures than s inicated by Obrowskls proposed solid stas fommation
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according to his dlagrum, if the sample was quenched Just below 1300°C, but above ths |
Jower ismperature reactions, The heat treatment was not stated, other than “'sulidiﬁed in
crucible®, It ig proposed, once agam, that his phase :dbnt:hcahon was mcon'ect, and the
"eutecuc" mlxtum cousisted of Ru,Al, and Ru4AI,3 instead. :

 Obrowskl then stated that the Ru,Al, in the eutectic transformed dircotly to RuAl, It is
more likely .!hﬁt Ru,Al, would undergo a peritectoid reaction with some of the RuAls to

form RuAl, since this phase not only lies nesror the alloy composition (Figure 22), but

oo 18 the proscribed reaction according 10 his own phase diagram, The transformation to
RuAl, ocours at lower temperatures than that 1o RuAl, according to Obrowskl), and is
_ probably mora diffieult % produca, due to diffusion and snergy considerations. Obrowski’s
proposed transformation could only occur if RuAl, was formed at a higher tampatam than
RuAly, In addition, this n-nnsformntion has not been suggested in any of his other samplaa
'containing Ru,Al,, and Is thue inconsistant with the rormainder of his work,

Obrowski’s oy containing 13.75 at% Ru iooked very mauch liks the nominal RuzAL, alloy
from the currént invésﬂgﬁtium His sample contained nccdles. a peritectic phase surrounding
the néedlcs, and o eutectic matix; ag did the nominal Ru:Al, sample from thiy
- investigation, Xt iz proposed that Obrowski did not identify the phasss correctly: the needles
ate otually Ru,Aly (nstond of RuAl), the peritectic phass is m, (instend of Rual,),
and the euteotic consists of Altich solid and RuAls | ot Al-rich solid and RuAly), This
proposal ia.supporwd by the following factors. Fi?stly, Mage found that Ru,Aly, forms as
rieedles duu 0 coberent growth along ledges, and RuAls forms (petitecticaily) via
contnuous inéohe:ent. growth to produce more allotrioma&phié strctures’™,, Secondly, the
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| temperature such that the snmple is in the solid Ru,Aly phase field prior to quenching,
* which is the heat weatment that thi shmple secras to imply, Slow cooling of this sample, .
acaoiﬁihg to Obrowski’s diagram, should result in ﬁ 'mmuucm consisting mostly of the
_. 'ph_ase' RuAl, with a small amount _of RuAl, The Iatter phase would not be dendriﬁc. in
‘nature, since ii should have been fonnéd from the cutsctoid décofnéoéiﬁon of Ru,Alg‘
Yatermediate cooling rates _shoul& glve'a.ﬁim'auﬁctum (of RuAl, Ru,Aly, RuAl,, and -
 possibly a small amount of Ru,Al,y) because it is appreciated (from she current wark) thﬁt |
homogenisation by diffusion is slow process in this system,

His sarmplo oonmirﬁng 25 1% Ru did oSviously fiot rench equilibrinm conditions, sincs it
cﬁntuihs more thau two phases. This sample actually contains thres piases, ag do ﬁnumbor B
of his samples, According o the pﬁm diagram, the sample should consist onl}f of RuAl,
if cooled under equilibrivm conditions, Obrqwsld stated that thers was & mitectin betwccn
RuAl, and RuAl, and that this entect had transformed, in places, 1o RuAl, The ntimate
‘mixture in his'cmfe:;pmding figors iz different in mo:iaholo'gy'ﬁom the eutcatic butween
RuAl; and Al and is thas unlikely to bo the same eutectic misidentified, This "eutectic"
had_a similay nppearahce to the intimate mixtare found in the current exsmination between
Ru,Al, anid Ru,Al,, (Figare 4.21), The possibility cxists that Obrowski idsatified the phuses
incorrectly, and that his reported suteatio of RuAlg and KuyAl; was, in fact, the intmate
- mixture of Ru,Al; and Ru,Al,, found in the current investigaton, '_

Accmling to 0bmwskd's phase diagram, his sample containing 19,3 at% Ru should conslst
of RuAl, and RuAl,. If # was cooled nnder equdibﬂum conditions, He reported the
presence of primary Ru,Aly and a cutsotic between RuAl and Ru,Al,. This is only poss_lble,
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The phases identified in Obrowski’s samples containing 83.5 819 Ru and 67 at% Ru are

consistent with his phase disgesm (Figurs 2.2) if these samplos wers cooled slowly to toom

temperatute. I fict, sinco RuAl has boon found in this study to bo a vory stable phase, tho
same miceostructures would have been dstected in these samples sven undsr more rapid

| cooling conditions.

- Obrowski's sample containing 50 at% Ru was reported to have cored dendrites of RuAl,

“His cpmsponding_ﬁguré shows this phienomenon well, but there appéar’s to be an additional

: phase at the grain boundarles which was niot reported, and was etched white. It is likely
that this phase would be the RuAl and Ru-rich solid solution cutcctic.-m latter is possible,
sinice the cuvent invasti'ggtio_ii found that the eot sic mixture did occor at the grain
: boundariey, and the Mw RuAl in the eutectic was very fine and difficult to discom, If
the composition. givv_an for this sample is the nominal value, then tllo:pi :_sibia prosence of

- the sutectic doss riot detract from the validity of this reglon of Obrowski’s phase diagr’mﬁ, :

since any small loss of Al from this saraplo would result in the formation of the euteetic,

Obrowski ruporled that ho found RuaAl, and pﬂmary RuAlin the sample containing 33 at%
Ru. He also stated that this sample was solidified slowly, With this heat trostment, these

~ . resnlis are not consistent with iy phaso diagram. According to his phego dingram, at the
given composition, this microstructure s only possible if he guenched the sample from
~ ahout 1300°C, This would eusblo the formation of primary RuAl, and allow for tho

~ peritectic reaction to produce Ru,Al,, However, to avoid the appsarance of Obrnwsl:t's
entectic reactl@n (L — Ru,Al, + RuAly), or reactions at lower temperatures, the sample
' shaﬁld'have been si':lid at the quencling temperature. It would be dit_‘ficult to hold the
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there is mote chance of misinterpretation, because the mgeﬁcauy unfavonrable phase has
. ta be correctly identificd. '

From careful examinatlon of Obrowski’s report, .it was obvious thut thm were cruclal
demii_s omitied &om hls'deséﬂj:ﬁm (such as heat troatments), and there are i:_it:onsismcies :

| -in his results, especiully the eiching colours ofthe_ pl_iases ('rable 2.1). Usually an etch will
attack the most reactive materisl prsfgmmialiy. Thus one wonld expect the phases to have |
consistent xelationships, that i, two particular phases should be etched (with the samo
etchan_t) such that the sm phase is always 1ose attacked than the other, This crlteﬁon it
 not obeyed in tho 96,3 and 83.5 at% Ru samples for the Ru-rich and RuAl phases, whicl
casts doubt on at leass some of the interprotation, Howaver, ignoring this nnd alloﬁing Ru |
10 bo loss teactive then RuAl,' the following. "'nobility scale” can be deduced from
Obrowski's samples by taldng the Iightest colour phase to bo the least attacked, and thus

the most nobla'
Ru » RuAl > RuAly, > Rudl; » Rualy & RuAl, > Ru,Al & Al

Tha Inst fonr specios cannot be differsntineed any further, because they ars aot found
wgather in the samples, and 50 cannot be compami

Obrowski" reported that his sampls containing 96,3 at% Ru consisted entirely of the Ras
rich solid aoluﬁdn. This sample h_md been annealed at 1300°C for 2 houré. and prowwmably
quonched from this_':aknéerature, These ﬁﬁdings are consisient with bis subsequent phase
dingram (lgure 22),if tho sample was in fuct quenched, and ot cooled slowly.

132



6.1 Critical Appraisal of Literature Survey

I is gbvious ﬁ'om the liwramm survey that thsre are ctmﬂictmg intmpretauons ufthe I{uvAl :
: phase dingram provided in the published work. Any proposed phase diagram should explam
.thc findings of the curient work, and should also be able ao_oxplmptevzous workers’

sesuls, Tho results desmibedmmenﬁﬁmw are rviewed here, o asceriin bow
. well thcy fit the va.rmus phase diagtam. and to explain the disagrecmenw. whers possiblu. _
by relating this work to the sam;:les frorn the current invesﬂgauon

Ona possible reason for the disorepaacies could originate from tho ifficulty that all
waorkers hied in achieving equilibrated strugtures, For a binary alloy to be in an equilibrated ”
state, the maximum number of 'pha_s'es cantot exceed two, except at the invariant points,
"Thess a0 the reaction polats (e.g. eutsotle, peritectic, sutectoid, and peritectoid points).
| Since these are at a speeific composition and tamperature, it is unlikely that the alloy will
be of that exact compoition, and perfectly quenched from that temperatare, and it can be
assumed that the presaﬁca of more than two phases simultaneously in these studios is an
indication of & non-equilibrated structure, | |

(Al of the suthors qither'repot.ted mors than two phms simultaneously (Obrowskit¥,
 Bdshammar™, and Anlage™), or admited diffioulty in mnnufacturs (Schwommat? with

silica and oxygoen coniaminatlon). As s00n a5 thess sort of anomlios ars present, the
inierpretation of the phase diagram from the mi:!rpstﬁzcmre becomes niom difficult, and _
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The ayerage sexm-quanﬁtaﬁve analyscs are Ieported in Appendix XIX, and the quantitanve
- results are given in Table 5.16.

Teble 5.16: Quastitative ohecnical analyses for nominal RugiAly (1200°C for 2 hons),

| TPHASE o mmssa DESCRIPTION | ATOMIC % Ru

Ruxich solid”"[ _ Buteotic with RuAl 175508
RyAl | Twophasoregion | 54005

o Single-phase centrs | 53.6:06

Chornical analyses of the outer two-phase region of this sample indicated thit aluminium

had been lost from the surface by vaporisation, Subséquex_zi image analysis (Appendix XIX)

indicated that approximately 4 5t% aluminium was lost from the ouicx region of the sample.

[
L |

Debye-Schotrer results confimed the prosence of RuAl and the Ru-ich solid in this
. sample, Again, acctrate plane spaciags could not be reponbd dne to & Iack of high angle

* tins. Xeray analyels of the bulk semple confirimed the exisonce of the eutectic by the R
presonce- of peaks of theRu-ﬂch phase in the results, The spectmm also containat‘ the Rqu-_

| Soma of the abovc samples were contnminated with various elnmants. originatlng from

either the ptoducuon TOUtE, or tha hest treatment in quartz mnpoﬂes.
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Figure 535: Optical microgeaph of nominal Rug;Al, annealed at 1200°C for 2 hours.
RuAl {grey), Ruexich solid '(ﬁhitc)_. ' '

Figure 536: SEM micrograph of nominal Rug:Aly annealed at 1200°C for 2 hours
(backscattered electrop mode), Busectic of RuAl (black) and Ru<rich solid. (grey).




' inhmnbganeities having » high cutheaium content, Thess appeur too irregulnr to be autexiic
or eutectold in origin, '

 Obrowski® predioted that tlieco are two seactions which have higher formation tetperatines
~ than RuAl,. Hence, under rapid ooolihg conditions one would expecf to cbserve RuAly

(or RuAL), Rl and only tacos of RuAl, and RuAl in ths sample, Tho sbundance of
RuAl, as & atrix i this alloy (Table 5.9) sugggeats that this phasa can be formed dimcﬂy -

. from the melt, The presencs: of the "entectic” mixture at the Rual, phase boundnrles'. befory
annepling, is of llttla conseqmnce o tha cureerit investigation fecanse ft was o highly
contanﬁnau:d reglon.

 Athough this swmplo was anly heatod oxtermilly 10 about 950°C, it would have avaled
& much higher tomperature dwing the exothermic renetion, dllnwing. f_'or: the dendritic
formation of Ru,Aly on sotidification. "he rets of coolihg’ from this clevated temperature
t0 950°C would have been high, Acsording 1o Obrowski's phase diagram (Figurs 2.2), the
| eutectic should consist of Ru,Al; and RuAly, and RuyAly (lds.RuAI,). ghould be &

transformation product _of theso two phases, This sample, although contsminated,

contradicts both of these suggestions (Table 5.11). Since Ru,Aly, had rendily formed a

continuwous man_:ix, it 1y possible that it solidified directly from the Lquid (as proposed by -
Anlage®™y, The cooling history of the fine mixtures in the intordendritic regions appears to
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Under equjlil.:ﬁum.oondi'tions. this isample:. was'exﬁccted to cansmt af RuAl, (Figare 2.2).
However, it is &oubtful that these con&itions wers obtained during the heat treatment
 (1200°C for 168 hours and 1050°C for 24 hours), and one would expect 1o flnd some races
of RuyAlLy in the sanaple, if Obrowsid's phase diagran s correct, Instsad, RiyAl and
RuAl, were obsewed (’I‘abie 5.6). Despiie ihp pmsonen ofimpu_rity clotnenis; thiﬁ.sampla
appears to indi#ate that RuAl is not as diftioult to form as Otrowsk deplots, and thus the
sequance of xeactions sbove this phase require modification, | | -

"Tho fact that dendrites wers formed n this sample imptios that at least pact of tho alloy
must hﬁvu reached & uquid stite duting pmductlon It is possitile that melting ocourred duﬁ
to the bigh tomporatures attained durlng the exothermic reaction, Since tho sumple
; euniainm nppm:duiately-zﬁ 8% Ru and was & ued to 1_300'-‘36‘, one would expect to find
ot st soms traoes of RuAl n this samplo if Obrowski's phase disgram (Figurs 2.2) i
correct, Since the phase RuAly, was prwsent instend (Tahie 5.7, this may imply that
| A_nlagé’s proposals (Figure 2.3) aro mofé ncourate. According to Obrowski's phase diag'ram.
the phiase RuAl, should not have formed as dendrites under any conditions, sinco he deplots
thia phaso us only being formed by solid-state reactions, Ty propased, from this work, that
RuAl, can form directly from the liquid state, and is stable to much higher temperatures
than attested by Obrowskl, This microstructure suggests & higher meldng poi'nt than that
0f Ru,Aly,, The larger particles of RuAl, abserved between the dendrlies (Figure 5.18) may
b the resul of extensivo indopendent nucieation dus 1o undercooling, and the swasller
particles (Figure 5.10) may have resulted from soldestats dacoinposiﬁan- of Jocal
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fobe m £ 0.5 at% Ru and 72.7 £05 atdh Al (Table 5.4), According 1o Obrowski's phase

| diagram (Figure 22). aier quenching this sample from 1|200°C,. one. would expect to findl
Ruél, and Ru,Al, in this sample. Neither of these phases wers observed, Instead the phases |
KuAl, Ru,Al,y, and the uluminiun;-ﬁch solid solution were menﬁﬁed. The anaeal hd litdle

' affect on the inicrbsb‘u;mnb becanse Jt 861l had g dendsitic appearance, B '

The centrs of this sample containgd dondsites of RuAL, and Ru,Aly had formed in the
interdendritic spaces. This suggests that RuAll has a higher mqlﬁ:jg_- point tlum Ru.,Al,,, and
oan form direetly Srom the melt, 1t Is possible that both these phases aro stble 1o
1emperatures above 1900°C (ot they are difficult 1o decompose). |

"The edges of the samgls had 8 single-ph#ée matrx of RuAl;, with tho sluminkumerich solid
solution eoattered in it, and lining the pores. The diffeccice in the microsirctures may le
In the difforence in tho cooling rats between tho sucface s cenixo of the sampls during
* production. The centre of vhe sauple cools slower thn the surface, and i3 therefore Hkely

to havs_n_microéu'uctum tint is closer to that qbuiiued under equilibriun conditions.

The presence of the aluminiumerich solid solution noac the sueface of the samplo can agaln
be _mcounted for by the rapid cooling condisions ennounter#i during arc-meldng, 'oi- by the |
high partinl prossure. of gaseous aluminium during production, The Al-rich ghase appoars
to by unaffected by the subsequent heat treatment and thus was i:osaibly p:isteétad by .an.
oxido film (which 18 readily formed by other aluminium alloys). The phase Bul, did nor
form In this sample; this observation lends support to Anlage’s proposal that Al formas
at o higher tcn_uperaﬂm'q than Rual, (Figi_u'e 23), .
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_explained by the cooling conditions experienced by the am-ﬁm_ltéd sa_mple and the shape
of the phase diagrant, Once an alioy hag cooled suﬂ‘.‘lcientljr o resich the Lignidus, & Ru-rich | '

solid forms (fhe mors Ru-tich solids have the higher melting polats). As more of the solld

' forms, sspecially if the solubility changes with temperature (whi#h is novmal for most non

finear compounds), the liquid bocomes increasingly Al-sich. The liquid composition follows
the liquidus ling, while the solid composition follaws the solidus line, The anomaties arise
vﬁhcn a lower peﬂtecﬁc reaction temperaturs 15 reached while the Smnpie s stlll partly

:liquic_i. This encouraycs another phase 10 be formed, o, i_'n' some cascs'. the reaction i

missed, and the ligaid composition progresses further down the liquidus, Under conditicns

- of rapld cooling, peritectic rmtior_ua have besn known to be “overshot” in other binary
 systems o.g. the Zn-Mg system™ the perisectic renction forming Mg,Zuy, can be missed

under thess condiﬁans. In the Ru-AI:sysm, uﬁto 50 at% Ru, the phase diagram slopes

very steepiy doown 16 the almninium end, and containg many perlicotic renctions (Section

63)~

Another stiggostad explanztion is that_ tha alumininm was libearat'ed_at high temperutures,
during production of the .sample..due'.to its high paﬂ_ihl prasg'lit_e. It wis mipped in tho
sample, and soiidiﬁed in the poros: it was only found in the outer poros, and was absent
in the cenm. The. nlummium way not at‘fcctcd by the subsequem heat trentment, possibly”

| br.cnuse 1t wasprotected by & siable oxide fiim.

'mmusumh;

After annealing at 1200°C for 312 hours, the averali comprosttion of this sample was found
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Iadt to solidify, implying that RuAl, and Ru,Al, form at highéx temperatures than this
phase. It is not obvious which of the two discrete phases formed first in this sample,

 The heat treatment, at 1300°C for 6.5 houts, bad liilo effect on the sructurs of his sample,

and local fahomogeneites in the composition during production, resulted in 8 wide ange

of phases in the alloy (Table 5.2). The most Ru-rich areas solidified a2 a sutectic botwesn

- RuAl ondd the Ruerich sofid solution, as predicted by Obrowskd's phase diagram (Figure '
-.-.__2.2). A _iayer of'-iluaAl, forted adjacent to the RuAl via & peritectic reaction. The next

| mgion contsinied 1 RuAL, mattls, and a bordcrmg M1a~phnso layer of RuAl, This
'si:ggc_sts thak :.hc;'RdAlgaiso formed vin & peritectic maction. and not a perliectoid reaction
a3 Obrowski® predicted. ' sext segion had & iu,Aly; matrix, The order of formation of

-' thegss phases implies that R.uAl_= hasa highm_' mal.ﬂhg point than Ru,Aly, but Jower than that
of Ru,Al,,

" Nomina) Ruis by, |

Aecording to the published phas diagram®, if the sample was uﬁcantgminmd it would
consist of the phases RuAl, Ri,Al, and possibly some RuAl if cooled sapldly from
1200°C (after holding at teenperataro for 314 Sours), Nono of these phases wers bserved
' (Table 5.3). The matcix of this sample was analysed to bo RuAl, showing that, elther

_ RﬁAl, 12 stable at lemperatums above 1200°C (the nnnanllng ijempmture), oritis diﬁicult

) o decompose,

The presence of fhé alpminium-rich solid solutlon in some reglons of the sample wan be
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investigators - Chapter 2). The cooling rat in the furnace following the isothermal hoat

treatmoent was not determined,

Since RuAl,, was not observed in this sumple it is possible that this phase does not exist, .
or the cocling xatn was t00 bigh to allow its formation. The sample, although not in sn
cquilibeated state, lends support o Anlage’s phase diagram (Figurs 2.3).

The nsedls morphology of the Ru,AlL, CTable 4,18) shows that this phase formed directly
from the melt (in agrooment with Aulagel™). According to bis diagram, howsver, RuAl,
- should have formcd pmtectically between the needles, The lack of RuAl, can bo explained
By Anlage’s observation that this reaction can be bypassed e hlglwr'c;)oling mteﬁ. The
solubitity of Ry in the aleminium matrix is higher than that deploted i the uaisi; system
(Fig]m: 2.4). but Varich““ teports that it can be as high a8 3.2 % Ru. depend’ ig on the

_ coolins vite.

Actording 1o Obrowsk’s phass dingeam thia sample should cor..ist of RuyAly (or RuAl)
and RuAl, in the equitibruted state; andundernamumbﬁum condivions ons would expeck
to obgerve Ru;&!, parilally u'anst'ormigd to Ru, Al and possibly somﬁ RuAl, (formed ﬁ'om
* the Ru,Al; and Ru,Al) and RuAl, (a8 part of a entectic with RAl), In the as-mslied
sample, the prosence of Ru,Aly a8 the maix phase (Tablo 5.1) tndicates that it was tho
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The dendritic nppearanoa of Ru,Al, and RuAI suggests that they can fonn directly from the
melt, The micrastruceurs of this sample appcars to support Anlage $ proposnlsm andraises
*tho possibility of modifications to Obrowski's diagram abovo 26 at% Ru.

According to Obrowski ] phasa dingmm (Figure 2.2), holding this sample at IIOO“C should
* have resulled in & mierostructure consisting of RuAl, and RuAl, The phases observed in
this snmple were RuyAlg, Rudly, the a]uminium—ﬂch solid solution, and nnother phase
contaming 18 at% Ru ("RuAls“) (Table 4.17)

It eppears that R\QAI,, was the first phasa ta form, und the Al-rich solid solution was the
last to solidify. The solidification order of RuAl, and RuAl, is net apparent from the
mimstmuu:m, but they must have solidified after RmAl,,‘ In some areas the Al-rich phase
 contained needles ofmuu. suggesting that this phas:a formed directly from the molt at
somd stage during solidification,

" Yt s proposed that the RuAl is a metastablo phase which formed bofore the RuAl,, and
partially transformed into tha Jutter phase, during the furnace-cooling of the saniplﬁ, by
expeliing ruthenium to the adjacent material. 1f the RuAl formed after Rual, thon
(assuming Anlage’s™ dingram to bo cortect) it would have 1o be formed via a peritectoid
resotion batween Ru,Als and RuAl,. However, this aption cannot adequately explain the
microstructure observed in Figure 4.?3); The éroposal that RuAl, is metastabie. 1s borne ont
by the fagt that it bas not been observed in any other sample (ricluding those of other
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Tt is certam that the rapid cobling'raté's ancountered d'urlng. production was the cause of
such a diverse microstructure, The istegular appearance of the smﬁces of the phase laym
seom to imply that thoy wers. forraed by peritcotic seuctions, and ths layor sequence gives
an indieﬁﬁon of the order of fbmiation.: RuAl. R, Al,, Ru.‘Al'ls,‘and then RuAId Some
RuyAlyy formed directly from the melt o3 needles, as did somo of the RuAI‘;. The remmning
liqmd sohdiﬁcd as a eutectm bctween RuAl, and. the Alich sofid Solution. A very small
: mnount of RuAl, was detected int the arc-melted sample. in & Ru,Al,, matrix, This may
imply thatthelntterphase s;pﬁdiﬁed-aﬂerﬂwm.lfnwzfmms via a perisectoid
reaction, a5 Obrowsid predictec”; then it is anlikely to be found in sn arc-mlted button.
"The fine mixire of RuyAl, and RuyALs (Flgures 4,21 & 4.26) could elthor be tho result of
a_eutecﬂe rouction tetween these two phases, or could be due to decomposition of high
ruthenium locel fiiﬂ;,.sér:ﬁﬁpiﬂes’ (1.5, expolling of Kix in .:hc solidt state to form Ru,Aly and
Ru.Al,_;). Tho mixture i unifkely 0 be the wault of a eutectic reaction, becaus entestic
structures aré usually un#vén, or degenerste in appearance when the cooling rats is high.
'The solid state dﬁcomlmsiﬁon theory explains the fincness /£ this mixiure, because the
diffosion distances are lif;fbly to b very small, since it ocours in the solid sate. It also
#pln:lm the irregniar appearsnice of these areas, This phenomenon s named celluiar
-~ precipitation™, and u similar pheitomenon ocours in spinodsl dscomposition, where a solid
solution decomposns over shm‘t ranges, below a critical temperatuns, 10 form &flna mixture
of two sulid solutions,



forcing a poritectic reaction,

‘The fine dispersion of second phase particles in the top region of the sample suggcsts' that
the remaining loid in _thn sample solidificd as a cutestic between the aluminium-rich solid

~ The p‘hase RuAl,, was not observed L this sumple and bus not been t‘ound to 'date. It s
poasibly one of the less stable phases of the system (1f it axisw), which requires slower
coolmg ccmditxpns for its fmmation. |

According to Obowskls phase diagram (Figurs 2.2), 8 sample having this nominal
composition should have & two-phass structire, consisting o:t' RuAl, und peritecﬁcnuy-
formned RuAl, However, since RuAl,, was not observed (Tablo 4.11), s phase elther
might mot exist, or it may have besn suppressed by the impurity elements. Anoth.éi |
possibility, ig that the furnace cooling of the snmﬁle was too fast to allow the formntioa of
he relatively low temporature RuAl, phase, Howover, this s unlikoly since the cooling
 rate wes 1°C per minte. Tt 8 supgested that tlie impurites in the sample rwgy have
- suppmssed the formation of a eutectic between RuAl, and the Al-rich golid solution, which
has beon obsmed in samples of similar composition
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this oouldhedﬁc to the presence of impurides.

In Chapter 4 it was observed _ﬁnit this sarplo was macmscopicn_lly inhomdgmeous.-lt is

 proposed that the Ru,Al,, precipitated first and sank t0 the bottom of the melt siace it has

& higher Ru conttent and iy tlmiafom denser than the remalning material, The mnrbﬁo_logy "

* of tho RuAl, on tho RuAly i the botiom region of this sample; suggssts that the former
solldified around tho latter via a peritectic reaction, Thus Ru,Al, has a !:_igher_meiting point -
" then RuAl, This theory is substantiated by the fact that the Ru,Al, has  needle-like - |

morphology, indicating that this i the primary phase, Tho precipltation of this phase aliered

the composition of the Jiquid, producing a lower Ru content ir. the uppor part o the
-specimen, thus alowing precipitation of RuAl, directly from the melt in this rogion, Since

the sample was heated 1o 1200°C uting productlon, this proposal implios that the
fottnation of primary RuAl; ocouss below that tempezature, o

The phase morphologies, in the bottom region of the sample, indicate that the RuAl; 1,48 .

formed via & peritectic Teaction rather than a eutectlc reaction (as it appeers in Obrowski’s
~ phase diagram), This implies that elther the RuAl, does form peritactically, or the cooling
 rate 35 too high, und 8 metsstablo (peritectc) resction ocours which effectively masks tho

repotted stable congruent formation and associnted sutectic reaction. £ Obrowski’s euteotic
reaction, under conditions of mon-equilibrium cdo]ing,__ was displaced to a lowér Al_

- composition then, especlally as the eutectic point Hes close o the congraent meling

temparatre and composiﬁo’h of RuAly, the latter composition could be overshot, thus
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] paﬁtecucally ‘The presence of RmAll, ncedles indicates that :Ins phase fmmed dixectly B

from the melt, in agreement with Anlage 5 ﬁndings"-'

Afier hoat treatment at 475°C for 168 hours, a different cross-section of tho sample Was

“sxamined. Layers of RuAl, RayAL, RuAly, RuAl and the Akrich sold soluon were

observed in lhe miemstructure (Table 4.6). Them was 1o RuAl, denected in thig sample. | '
It is possible that RuAl, forms at low mmpemms, as Obmmkl predicts, or porhaps the
reaction forming this phasn was suppressed by the rapid mohng sates. The presence of

small Rl parﬁclassnthenu,m,, layercouldbedueto cienstoo fndependent nucleation

from undemooling of the sample, The Ru,Aly, needlos most have formed dlrectly from the

melt (which s not possible with Obrowski’s dlagram), Th. RuAl, leyer adjacent o the

RuAly, needles aguin su.gge_sts a perlictic mﬁcﬁbnﬁ this agress with Aiﬂagéis dinbram |
(Bignrs 2.3). The Iatter also allows for the primary formation of RuAl; and a eutectic with

“the Al-rich solid solution, as wes obeetved. Rudl,, was not observed in this arc-meled
sample, in contradiction to Obrowsk{’s proposals, The presence of & cuteetic between RuA)
and the Ru-rich sohd solution. canfoms to Obrowski’s proposals.

ninal RugAlnct
_"I'he fact that ot 1200“(3 ﬂm phass which formed primarily was RUtha and not RuAlﬁ

(Table 4.8), indicates that Ru,AlL, has a highecr melting point ‘than the RuAI, which
aubscqumﬂy fomed around it, Allowing for the presence of athsr elemants, it appears that

the Al-rich eniectio comlaosition of 0.5 as% Ru proposed by Obrowski® is correct. The i;wk o
of RuAl,z in this sampla supports Anlage’s suggesﬁon that this phasc does not axist"‘ bﬁt o
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Nominal RucAle-h

~ Obrowski"s phase diagram® predicts a two-phase steucture consisting of Al and
_ peﬂtegﬁgally formed Rn,ui.l;2 One phase was ahalysed to be almost pure Al, but the other  '

 phage Was ‘approximately RuAl, (Table 4.2), The absence of the phase RuAl,, from the o

sample agecs with the pmposals mads by Anlage (Figure 2.3), but may be dug :o the
. influence of the contaminating elements in the sample, Maga”’ predmted that the phases :
- in this samplcshouldfmmaeutucﬁc.ﬂmahsenmofwhichmayalsoheduetom
contuminants. The source of contamination may have been the Al powder which wns only
95% pure. | ' )

"This sample shioutd have containied RuAly, if Qbrowski’s propasals are comect. The fact
- -that i:his phass was :;ot-'prescm in the sample ,ma;} bo a resul pf the _n_ap’id cooling
" encountered during arc-melting, bu it i also possible that this phase does not exist, Most
' of the sample consisted of RuAl, needles and dendrites (Table 4.4), indicating that j¢
formed directly from the melt, and it was soén to form & entectic with the Al.cich votid
solution (in contradiction to Obrowald’s results™), Anlage predicts that there is 8 very small
composition rimgn in which this phase can exist as the primary phasem (only bp to abrut '
1 a% Ru), However, it {s possible that under rapid coohng conditions, this limit is
extended, 'I'he lack of RuAl,,. in the mgion containing Ru,Aly,, can be explained by
An!ng_a 3 observation thas the peritectic formatior of RuAls is xestricted at rapid cooling
| rates, and it solidifies in a eutectic with the Alfz-ich soﬁi instead of firs solidifying
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_ Theorehcaily it shonld be possible to deduce the slmpe of the liquidus by consitring which
phases were presnnt in nnoys of known compositions, especially where there is 1o heat
treatn_xent. (Heat treatoment should form the phases in the sokd_state. given enough tie for
diffuston to ocour,) The composition timdts of a peritectic reﬁctioﬁ line can be deduced by
studying the phasos present in ag-cust samples. "nquid limis", here the Al-tich end, can
b approximaicly determined by finding the lowest Ru-content sample contdining the solid |
 phase that is formed fumediately above the taction live (6. RuAL for the Kul,
Ifeactian) Under equilibum conditions this phase would be i:onsmﬁed. but rﬁost of thm.
aIons have eoolad at far quicker mtes. The "solid limxt" here th Ru-rich end, i more -
-difﬁcult ta detennhle. singe the small amount of porltecticnlly-vfonned solid might be
mis_sw. Howevu. _as,«cast nlloys, the ighest Ru-conwm nlloy containing the phase, is
Hkely 10 bo usar tho bigher Honi of the peritotic Teacton ling in & perlectic cascads,

"The peritectic eaction point itself can also be approximataly found, In this phaso disgtam
 (Figure '6.1); the most Ru-rich alloy to have the product of the next Jowest pﬁritwlit_; :
teagtion must lie 04 the Al-rich sids of the pertectic poir.i. but there is no way of deduving
how near or far. Attempts were mado to determind: the porltectic. reaction limits; uéing
Edshatmar’s samplos® (Tablo 6.6), and using the ssmples £rom tis work (Tublo 67).
In Table 6.6, tho reaction limits for RuAl, could not bo determined, sinoe the detniis of the
' smnplcs contaixﬁng this compound wero not provided. '
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It i3 proposed that the paﬂteéﬂc reactions t‘oﬁnﬁlg Ru,Al, and RuAl, are s&pammd bya
small tempe_ratunﬁ difference, bectise Pu.Al, did not form in any of Edshammar's .aro~
melted samples (see ‘Tabls 2.2 and Sectis s 6.1). Siilaily, the tempesature differonce
between the renctions form_ing RuAl, and Ru,Al;, mﬁst be minimal, because the puﬂfecﬂc |
formation of RuAl, did not oecur fn many of the aro-muslied samples. from this
investigation, JF this 15 the Gass then, during non-oquilibriuen cooling, the formation of
- Rwih oan be missed dus to the large amount of undercooling required for nuél_enﬁon wdee
- these conditlons, It is known that pctitecﬂ_c rgacﬁons can be overshot during rapid cooling,
 for mmple: the Mg-Za system, fn which the formation of Mg,Zﬁ,, can b missed®,.. - :

1t i also proposed that the observed intimate miture of RuAl, and Rugl is the remule
of decomposition of Ru»rich inhomogenoities, by collular precipitation, wf)ich itselt' wag
brought about by the iapid_cooling conditions, rather than & eutectio reaction between these
phm. 1t i thonght to be a metassable cdhdlt_ioh for the following reasons, Fiestly, it was |
dbserved in specific samples only: RugeAl, (beforo and sfier hont trestmont), asd
RitgetAlggeb, Royg:Alpy was arcemelted and was ot in an equilibrated state, and the annealing
' temperature (475°C) wes 100 low to have an effect on the high-tompesature phases.
RustAler-b had cooled rapidly from the reaction tsmperaturs, and was contaminated with
zirconinm, wiich may have had a stablising effect vn this mixture. Secondly, if the
 eistectic wes a stablo phenomenon then the phase RuAl, would have to be metastable, but |
this connot be tue since it was Indtially present, and In e_wm# cnges, formed i
Bdshammar’s®! shmples during the mgmqnl (Table 2.2). RuAl, was alsa present In the heat
uﬁétcd sarhpies from the current investigation, o |
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Alsich side, and formed directly from the melt at 2060°C. Ho deploted this phase as
existing betwoen 42 and 51 at% Ru and found that t formed 8 eutectio with the Rurich

solid solution at 70 s% Ru and 1920 & 20°C, Tho only modification which could b
suggested from the cumnt samplaa (Table 6.5) wes a8 shift of the phase boundm‘isss _
mpecially to ullnw for tha fonnntion of RuAl, at higher mmpemmres.

Table 6.5 Proposuls for tho phass RuAL
| PROPOSAL SUBSTANTIATING SAMPLE
. e e LA Lemalal el st - A R Ty
‘llz‘he lower campoaitiun limit is 50.2 & 0.6 at%h | RuyiAly, -
n .

%‘he upper compoaiuon limit is 54.3 :l: 0.4 at% RuiAly -

I RuAl can_ form as a primary phase | | RugAlyalht), Ruygialy,
1,0, directly from the noit ' RugetAlgy(ht)

Rual has a higher melting point than Ru,Al,

| RuyiSly

RugiALga(ht), Rugidly,
RuIO'AIN(ht)I Runl:Alﬂk(ht)t

RuAl forms & autectlc with the Ru-rich solid
solution

. RW'M’“G“): R“m-mm

Ry Algg(ht), RugytAlu(ht), -
RagiAly, Rigidlyy Rogihly

srrmpmal

 Tho equilibrium solubiity of alumjnlum in ruthenium could ot be determined from the

samples examined, sitrca the Ru-rich solid -soluﬂbn was only present in the eutectic, which
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With rogard to tho phase RuAl, Obvowsi proposed a tiangalar phase hdunaaxy witha
atebility range over -—1000°c 10 --1600"(2 at about 40 at% Ru, and & lower com;msiﬂan

limit of 325 1% Ru. He depicted the phnse to melt peritectically and to dewmpgso' e

_ eutcctoidaliy beluw 1000“0 into RuAl and RuAlL, Suggestions rogarding the m Odiﬁca&o{'”' .
of tho phase boundmias are summurised in Table 6.4,

 "Table s Proposals for the phase RuAl,

PROI’OSAL ' o SUBSTANTZA’I‘ING SAMPI,E

. lerramse S e
“The lower: composition ﬁmit is 35.7 % 0.8 at% RuytAly,
Ru :

Th‘e upper composition limit Is 41.6 t 0.5 at% Ru,,:Al“_

Ru;A'lg cun form as prlmary phase | Ru“,.A!,o, Ru,,.Al,,,(ht), Fm.Al,,
f.e. dizectly from the melt a(hty
' Rw,Aly hiay a higher melting point than | RugAlgratht), Rllm-“gm
1| Ruydly : R“:e-Alco(ht)s RuygiAly,
__ — Ruy:Alyy(ht)
Ru,Al, has « higher melting point than RuAl, - Ru,,:Aln{ht). Rt Algs
Ru,Aly forma via a perisectic reaction RugiAlgpa(ht), Ruyy Al,o,
L o . RuygtAly(ht), R“u-mva(ht).
RustAlg

pa—— T ey, AN -
e e > marmses]

Edshammar’s heat tronted samples™ suggost that RupAl, is stable at 950°C, since it was
 formed at this temperature, The melting point of this phase cannot be. predicted from the
samplcs

. Obaﬁﬁvslti‘s“l RuAl hot o sloping phiase boundary with the liquid two-phase region on the
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pmposnls regarding this phase, except for the phase compositon, which he had assmned L
ag the sluichiofneuic value, Again the samples pruviding the boundarios are on the wrong
sides of ths phaso, due to the narrow phasa width and unavoidable eprory. The melting
pomt of RmAI,,, a5 predicted by Anlage, conld sot be conﬁnned from thoso samples. but

iy assumed nccumte sinoa his mveatigauon was. thorough

- Qbrowsid™! depicted RuAl, ny being formed via a peritectoid reaction between RuAly and
RugAl, at about 1100°C. He also depioted the composition a3 lylng between about 31 and
38,5 4% Ru, The cosrent investigation has shawn that bis proposa!s are innomct, and the

: _ uhsem(ions am summarlsed in Tabls 6. 3.

“Pable 6.3: Proposals for the phase RuAk,

PROPOSAL | SUBS 'rmwrmcs SAMPLE,

|| The lower cnmposition limit is 30 35 & 0.08 - Ruyidly, _ "
I at% Ru

The upper compositlnn limit ls 35.8 £ 0.2 m% Ru”:Al,; |

' 'RuAI, can form a8 & primary phase Ru,‘,:Aig., RuyiAlget
i.e, directly from the melt

RuAl, has a higher melting point than RuAls | BuzgiAly, RuntAla(0e), RupiAle,

_ Ru,,.Alﬁ-a
RuAl, forms via & peciteotio renction. | RugiAlp(t)

Assuming that Ru.;mﬂ melts at 1403°C, aa Anlage mponed, the melting point of RuAl,
would be dbave this temperature,
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phase boundary, and vics versa Althotigh this seems incorrect, thepb ..l % nacrow,
 and thers e exrors 10 be oonmdered, especially cbnsideripg the difficulty in homogenising
the alloys, Anlage's yreaction temperatines canriot be disputed since they could Bat be
detmnined Erom these sumples Howaever, thoy are assumed accurate since the qxpedmentai |
- 'tcchxﬁqubs mployed to obtain these values are ﬁgorous,

With regecd to the phase RuyAlyy, Avlage depicied a lne componnd at 23 §ot% R, and
- stated that it meltcd pe:mcticany at 1403"(3 The obsemtlons made from the current

: investigatlon are smnmarlsed i Table 62.

Table 6.2 Proposals for the phase Ru,Aly.

PROPOSAL SUBSTANTIATING SAMPLE
‘The phase is Edshammar 8 Ru.Al,, , | RugAlyea, RuAl,, Rugidlgh,
than Obrowski's RuAl,l% RulygiAlyy, Rl RugiAly
"Thie Jower composition Hmit Is 25 00 20,05 | RugstAliea '
I at% Ru :
The upper compoaition Timit is at most 26.6 & Rt Al
0.1 at% Ru |
| Ru,Al,; can form us & primary plmsa - RuAle-a, RugAlgadht), RuygtAly,
1., directly from the melt - RuyetAlolht), Ru:Ali;, RuggiAlyy |
Ruin,Aly, has & higher melting pomt than Rum,i Rug:Alogalht), RugytAlsg, |
Rum:A!”(ht), Rll:Allm _Ru“:Alu"‘b
Ru.Al,, melts peritectically Rug:ALg-a(ht), RuygiAloy, o
) S . o RuygiAly(hty

The observations in Table 6.2 regarding the phase RmAlL,.appenr to confirm Anlage's
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Anhge depicted the RuAu phase as g line eompounci at 14 3 at% Ru, He suggested a
- eutectle reaction with the Al-rich solid solution at about 0.3 at% Ru and 552‘0, and stated
that RuAl, formed peritectically af 723°C. The deductions mads from tho ourront work
. regarding this phass are summarised in Tabls 6.1, together with a list of the saraples which

" substantinte each point.
Table 6,4 Proposals for the phase KuAl,,
oy PRy
_ PROPOSAL S SU’BS’I‘AN‘I‘IATING SAWLE
The lower composition Hmit is 15, 10 £001 | RuAly
at% Ro . o L
'The uppes co:nposlti(m limit is at wost 15,7 & | RugAles ' .
0.1 ai% Ru : o -
RuAl, melts peritectically | RugAleathe’), RuyiAly,
. . Rityg:Alo{lit), RunAlyy
RuAl, can form as a primary phass Ru,:ALga, RugAlg-ahe), Rum.Aln.
1., directly from the melt | RugtAly(he), Ruidly
Primary formation of RuAle occurs below - | Rmialy,
- 1200°C
RuAl, forms & euteotic with lho Alunch solid RuaAl,,-a, Rm'Alw-a@t), Ruyg *I.,,,
_solution .Rule'mm(ht)r RuiAl,

It can b seen from Tablo 6.1 thot the observarions regarding RuAl, agree with mast of
thase proposed by Anlage, except whcrn the phase compositinn is concernied, His vulues,
however, had bean assumed, because his analyses wete obtained without smndmds The

- gample pmvi_ding the upper bonndary had Joss rotheniur than that providing the Jower

*Phis abbreviation refers to the sample it the snoealed éta_te
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| oocu,mﬁ o the Ru-sids of Ru,Aly,, Thus it is proposed thut this roaction tsmperature
con'espbnds to the melting of oxides pmsent in the alloy "This ﬁossibility is pmmott-d by
the fact that the reaction peak became larger in the third scan, for which the sample wos
heated in alr, '

€4 Modifications to the Phase Diagram

Altimugh the samples investipated  here weru not in a stats of aqu:librium, much

{nformation could be gloaned from those which wers not contaminated with otier slements,
In the provious section the samples wero discusted indivxdually, a4 were those of other
workers, T this chapter :h&se disctli;sians will bo ﬁscd 1o formulate proposals | for
modiﬂcat!ons to Qrowski's phase diagram, so that the modified dingram complies with
the vacious microstructures which wers examined. Thesn propusals aee summnriaed below,
starting from tho Alslch end of the phass diagram.

Vaxich8 found e equilibrium solubility of Ru in Al ¥ bo loss than 0.03 ni%h, This value
cannok bo disputed since a state of equilibriunm was not achiaved in the samples from this
investigation, |

Anlage™” stated that the phase RuAl, does not exist, It was not observed in Bdshammar's®
 or Varlchstt samplos either, If this phase existed it should have been present in tho

- unneuled sections of the nominal Ru,tAlyen and RuygAlyy samples, if ;iqt .in the Ru:Al,
~ sample, Hence this investigation confizmed Anlag,e'.s findings with mgurd.w this pliase,
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by the second and third scans being similar. The low temnperatura reactions of the first scan

were not pmsent in the othets, :mplying that no low-tcmpcramre phases (Al .rich phasess)_ :

- were prosent in the sample afier the first run, Thus 1t is proposed that the first heaung cycle
had the effect of homogenising the samp_le. Homogenisation of the alloy under ths testing
-éondiﬁbns 1s pc.:s.sible . bécausé the smpln was very small, and the diffosion di_stﬁnces '
minimal. The rcnctim gt 656°C, in the First scan, was attributed to the melting of the Al
rich solid solution, ‘I'he second endothermio rcaction at 730°C was asmbed 1o the melting
'uf RatAl,, and s similar to the reaction temperature mpnm-.d by Anlﬂga"]

_Unfonunmly. it is not kniown what phases were present m the sammple after the ﬂrst cyele.
“However, consideting the above-mentioned homogerﬂsaﬂon, the alloy composition, and the
temperature attnined durmg the scan, It i8 pmbable that the phases present were Rul, aud.
Ru,Alys. The mterpmtaﬂon of the results of thu text two scans was based on this '_
B #ssumption and evidence from Anfage's DTA work"] 'I'he second endoﬁlermic peak ot
about 1417°C is close to Anlage's temperature of 1403°C for the peritectic melting of
Ru,Aly, and was thus assumed to be this reaction, T is proposed that the small endothormic
* resction st abaut 1460°C corresponds fo the melting of RuAl,, Discussions in the previous

gection have _shdém‘ the probu":i_lity of RuAl, having a melting pbint just above that of
Ru,Aly. |

It is proposed that the first endothermic reactiun at about 1348°C does not belong in thn |
Ru-Al phase diageam, Anlnge. who repomd an extensive thermal enalysis invesﬂgation"’
did not dsteos any reacticm at this tsmperature an the Al-rich sida-of Ru,Alyg, Considering

the rosults from tho cumrent investigations, i is not feasiblo for this reaction to have
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solidiﬁcatidn whereas the P.uAl2 should originate from 4 solid state transformation, The
interdendritic seglon was analysed to contain 758 at% Ru (:i: 0.8% error), which

- wencompasses the autecﬁc composlﬁon on the Ru-rich s:de of tho RuAl phase.

- According 1 Obrowski’s phase diagtam (Figure 2.2) the microstsachurs shovld be sntirely

RuAl Consldering the vartation o the microstructare across this sample, one can conclude

that the homogenisation was unsucccssful The extrems mhomogane:ty was brought about

by the loss of aluminium during manufnctu:e Tha dendrites of the twu phasn reglon

consisted of RuAt (Table 5.16). 'The composition of the *nterdendritic regrion was given

as approximately % Rus This result is very close s the reported composition of the RuAl |

+ Ru-tich eutectic, The morphology of the eutectic in this sample (Figure 5.36) appears
to differ from that oh_senred in the previous one (ﬁigum's..?d). This miny be due o the

samples exporiencing different cooling tates during arc-melting, or s:arely a result of

viewing the eutectic at a different otlentation.

~ 6.3 Discuseion of the Thermal Analysis

The _D.TA scans for RitygiAly, were reported in Chapter 5. It is proposed that the fixst

- heatidg cycle, showing different reactions to the next two, had thc effect of altering thn :

pnuscs in the sampla, and thug stabllising the alloy, This is substantiated by the presence
_ of the exothermic reaction fn the first run, which would usually oceur only for a transition
from a metastablo system to & #table one. The stabitlity of the resulting alloy was indicated
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balance of the sample consisted of RuAL, This suggests that RuAl, is stable &t wmpumtures o
above 1200°C (the Mg tempezature),. or it is difficult to anneal out of the éamp’le‘ due
0 slow diffﬁsion. The: fact that RuAl, comprised mé__@Mumaz matrix of the sample,
suggests that this phase.also formed direaty from the melt, and ot from a petieotoid
reaction (Figure 2,2), which would not have had _time o oceur,

~ Since the edges m mphaée and a autéctlc was observed (Table 5.15), it appears,

gocording w© Obmwsld‘s phase dmgmm that Al wos Jost from this mglon. Thi% loss was
by vnpm'!saﬂon occun‘ing during the repeutad i:mrung and remeltmg of the sample mlring

'pmducﬂou, which had besn omployed to ensure completo alloying _of the cloments. The

button arc famscs has a water-cooled coppor hearth, and preparing tho semple on thi
hearth led to the heat being concentrated at the top surt‘hcé of the sample. Hence
vaporisaition of alaminium from the surface tonk place, bofore the entire sample couldreach
| N molten state. Thu argon prassure in the are fumace during the manufacture of tlus alloy
. was Just below 1 atmosphere, The boiling point of aluminium at this pressurs is about
2400°C. 'I’lie temperaturs of thc arc would have been higher than 2060°C, the melting point
| of the intermetallic. Thus it is. conceivable that the temperature muy have .risen above the
~ boiling peint of aluminivwm, and sinee Al has a high vapour pressure, it indeed vaporised
fror the surface of the sample, o |

Tho piblished phase disgram® shows that this sample (in the equilibrated stase) should be
two-phh#’e. wnminiﬁg RuAl and RuAl, RuAl would !mve' beer formed by direct
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be complex, but is not discussed here, smce it involves large quanﬁﬂes of jmpusity
elements, sad thus has rio beasing on the Ru-Al binary system |

The vast range of phases present In this sample requlted from local mhomogenmty in
- compos:uon during oooling (Table 5.12), aﬁd the subsequent heat ueatment (1200“0 for
168 hours) was abviously too inadequate to rectify this problem, Agrording to Obtowski*s

' phaéé disgram (Figtﬁe 2.2) tﬁe entire sample should have cpnsistad. of RuzA.l,

“Tho chemical analyeis of the areh depicted in Figure 5.29 and tho individual phaso analyses
" fiit the existing phase diagram quits well Bigure 2,2). The chemical aualysis of the Ru-rich
phese in the samplo is of Htile consequenc, sincs the phaso is very fine and the emror is -
* tikely 0 be Irger then that quoted, due to collecing the signal from the underylog matrix
_ matori_al. However, the mmﬁhoIOgy- of this phase-'docs conﬁnn that it was formed via a

“eutectic repction,

Tho vartasion in the composttion of the RuAl phaso is consistent with the sloping phase

boundssy deploted on the phass diagearm above 1600°C (Figurs 2.2), This inhorogensity
_.wns not rectiﬁed during feat 'maﬁnent sinte diffusion m these samples is very slow, and
tho compound (RuAl) itself i spparondly very siable once formed™. 1t appears that Ru;Al
- was the 'next phase to form upoh eooling {via a p‘erltectl& maction), and tha fine précipitms
of the latter in the RuAl phaso are consistent with the reporied decrease in solubility of
 aluminium in the RuAl phase“‘ (Lo, the sloping Rus\l phase boundnry below 1600°C) The
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EXPERIMENTAL DATA FOR RugAlb -

SAMPLE. u,'AI,,-b (No heat ttcannent) _

 SPECTRUM: Oversll composition (semi-qusnntative)'

[

RELATIVEK | WT % ATOMIC %
8,0492 819 2.33
: 100.00

100.00

| Ru '

'SPBGI’RUM Overall composiﬂon (senﬂ-quanﬁlntive)

EL¥MENT | RELATIVEK | WE% | ATOMIC % |
Al 0.8382 070 | 9794 '
Total ' : 100,00 | 100,00

= S

SPECTRUM: Contaminsted Rul, (seml-quontitative)

BLEMENT | RELATIVE K WIT% | ATOMIC%
Al 0.3320 56.52 7856

Fe _9.0323' 3.61. 243

Re | 02441 3548 | 1316

_ SHE(.‘.TRUI\L Contminated RuAl, (samiaquantitntive)

| ELeMeNT | RELATIVER [WT % | ATOM™ %
Al | 0.3265 5620 | 7101
81 0.0137 451 | 601

I e 0.0459 513 3.44
Ru | 02344 34,16 | 12,64
Total o 100,00 wo.oo
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| | | o * APPENDIX II
EXPERIMENTAL DATA FOR Ru;:AL,2 | |

SAMPLE: RuyiAly-a '(SSO?C for 528 hours) :
- SPECTRUM: Contsminated RuAl, {semi-quuntitative)

BLEMENT | RELATIVEX | WI' % | ATOMIC %
I ax 03175 | 5405 | 7758

Ru | 0216  |3882 | 1487

81 0.0124 380 | 524

ler | o003 {004 [003

Mn | 0.0030 035 |025

Yo 0.0247 {275 (191
o 0.0019 020 (013

Ca 0.0000 000 | 000

Fotal 110000 | 100,00
Ui sy . ._....—,._,_..........__.._.. .,

* SPECTRUM: Contaminated Al-rich matrix (semi-quantinative)
— - i e bt S

R S YA .
ELEMENT | RELATIVEE | WI'% - | ATOMIC% |
Al 09955 | 9976 {9982
S 4 0.0003 0.14 013
P 0.0003 004 {002
lew 0.0005 005 | 002
| Total | 10000 | 100.00
LORERITIEE7 - “TIREATE, C REITS, - ;
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APPENDIX X

MODIFICATIONS TO "I‘HE Ru-Al PHASE DIAGRAM

T.D, Buniface and L.A, Comish- _
Depitmnt of Meladlurgy and Materals Bogincering, Uriversity of the Witwabsrsand

The firsi pliass diagmm of the rtherdum - aluminium

systom (Fig. 1) was published In 1963 by Obrowski!, -

His publication was developed from limited axperimental
fndings 2nd ha was unsure of the accuracy of the

results, In 1985 Anlage? stated that the aloriniutecich

* region of this phiaso diagram was incomect, and proposed
. answ phase disgram for the region O - 26 wt% Ru (Fig,
2) whera the major modificaton is the formation of
RuAly (Obrowski's RuAly) peritectizally, This papes
presonts part of an investigation of some rutheniums
aluminium “afloys, and diseysses e feaslbﬂny of tho

pmpmedphase dlagrams,

Samples weto seloctad 38 Intervals scross the plmso
dlagram, and & number of lechniques wers attempled in
their manufaciure, Most of the samples were produced
{n.a urrton sresfuritacs in an argon atmosphiere, and then
subjested o 4 solid sinte homogenisation weamer, for
exienrive pariods, In an abiempt to reduct the affests of

sogrogation, The samples were ther watée-quenched, -

"Thoy were observid using optical and Sernning Flectron
Microsiapes. Compoa!uons of the observed phusey were
determined wsing Bneegy Dispersive Analysis of X-rays

* A sarople with nominal atomic compnsi_tioﬁ RutAl,, was

" melhed in a mufllo Pantce at 1200°C and furnnce-

cooled, In the bottom region of the siinple (Big. 3),
necdios of RugAlyy witre surroonded by a layer of Rudly,
The netare of this region confirms Anlage’s

peritectic formation” of RuAl, and indloates that of the
two phases Ru,Alyy has the highor melting point, The

matrix consisied of the Alrich soltd solution, which
contained a tine dispersion of small RuAls particlos, The
top of the sample was different, and contained dendritie

‘Rual, with 4 matrix of apparently ewectic Al-rich solid

and RuAl, Thig difference is thought 1o bo due to the
Ru,Alyy plinse solidifyin, Mnidolly, and slaking to the
bottom of tw melt beantise of ity higher denslty, thus
-pltering e composition of the remalning melt, The
prosence. of primary dendtiies of RuAly in the wop of the
spmple is an Indlcadon thot this phose mells below
1200°C, Allowing for the chonging malt composition,

those obstrvations, ns well as vho pbsonce of RuAl,

agres with Anfage's phass diagrm®

A samplo lmvlns nominal atomic compasiion RuygtAly
was-quenched from 1200°C. Tt was two-phose with
- primozy dendrites of RuAl, and inerdendritle Ru,Alyy
{Fig, 43, The presencs of RmAll, suggests that thiy
compound iy stable above 1200°C, The dendritic form of
RuAly implics that its molung point i3 higher than that
of RiyAly, which is in coniradiction to Obrowski® (Fig,
1), For Rual; 1o form at such high temporatares, the
widih of the Ru,Aly phase field must be reduced, and
RuAl; canne longer be formed vin s peritectoid reaction,

A mﬁm specimen (nominal RuyiAly) rovenled the
formution of bulk RuAl, Ru,Al and RuAl, iy that ordes,
whith suggests a series of peritectio réacdons,

" 'This work has shown that Obtowski’s phsse dlagmam fs

adequate above 50 at% Ru, but requirey modifieation

below this mglon, 1% is sugeesied that the higher

minmm part comprise & caseade of perhnctlc
ans, _

maﬁshmncamdﬂmhlsuppmafm{is
mﬁ_my aclmowlsdzed. .
Releronces

1, Obrowskd, W, (1963) Merall 17,108,
2. Aulage, S.M. (1988) J, Less Common Met, 136, 237,

3, Massaigki, T.B,, od, (1986) Blnary Alloy Phase

Diagrams, Yol 1, Amprican Socily for Moials, 158,

SRR
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eo2dd p5Ky - KU 00988 HEKTE THAU
Flg. 1, Ru-Al phoss dlngram’ propased by Obrowski!
Fig, 3 Purt of microstruciute In the bottom of the
nominally Ru:Al;; sample,
Fig, 4. Dendritlc two-phose nature of nominat Ru,,.&l,.
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7.1 Sunmary and C‘unelusions

"The preceding argﬁaimnts Have shown that tho orlginal (Obrowski’s) phas;dlam of the:
Ru-Al systom mqnh’ns medification helow 50 ai% ruthenium, The proposod modifications
are that RuAl, Ru,Aly,, and msm via poritectic roctions, ot about 1460°C, 1403°C,
and 723°C: respectively. Tha shape and.locaﬁan of the phase -boundﬁﬂes have lso been
alesred slightly, This work has shown that the compound RuAlm does not exist, and. the
infonuntion pwvidnd by the former invesﬁgmrs, Edshammar and Anlage, appenrs to by
adequatcly Wﬂrﬁtﬂ-

7.2 Recommendatlons for ™ tture Work

- 'The most obﬁous recommendaﬁon, smmming.from the entire course of this investigntion,

is that homogeneous samples ‘be made for this alioy systom, passibly by hot iéostatic :
prossing. The DTA ﬁvork waé limited, and more thermal analyses should be uticdactaken, '.
alnee they yield much useful iﬁfomutiom Transreission lectron Microscopy (TEM) would
enable determination of the lattice structures (and parameters) without needing to isolate

~ tho phases, nad is thersfore recommended. A combination of heat teatment and TEM work

 would also make it possible to i:mstigate: the mported "CsCI-likn phases™® in tho RuAl
mglon of the phose diay.ram
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 The lasies data for pure rutheniom and puce aitimi:iium wers used to idenify the pesks
belonging to ther respeciive solld sofuions. However, it is known that the peaks for the
: pure elemcnt.slﬁt‘t'as solute atoms gre added. Since both of t!io-éofjd solutions haﬁ a
narrow composition range, it was expected that the shiﬁ of the lines from those of the pure
 elemonts would be minimal, - |

. The DebyéSch_crmr data was not used for precise ]gttieu patameter calcﬁlations. Thm are
a nutaber of preéami_ehs which should be taken to yeduce exvor Souress, which were not
~ considered in this work™, For example, the phnses_ were nb't:isolatec}. aml._ﬂiin ted o
 shifiing ot’__me.cdm;'smmd pc_aks,.aé well as ditficulty in identfication dus to peak
overlap, The lack of high angls reflections on mtny films also precluded -célculatian of the
-smmﬁge factors, Honcs, ths ﬁlms axe not considered aecumﬁ enough to warmant cxtensive
analysi, Klug snd Alsxands®™ alsn stata that “powder diffaction datn are not subablo for
the precision meas’ummﬁm of exystals belonging to the ortherhombic, moﬁoclihlc, and
irglinie systoms". A simple mothod for dotocmining the lastion constas, in systems wit
higher gymmeicy, can only be employed if there are soveral Wk and OOl reflections in the
rangs O s 30 to 905, Since thors are insufficient reflections of this kind in the dar, more
tomplex, and timeons mothods wguld have to be employed for the calculations,

'Tho Xeray itfmotion work In this tavestigation was useful both 10 consirm the phases
~ identified by X-ray analysis during SEM studies, and to distinguish bctwaen phases with
- similar composiﬂons. Thus RuAl, and Ru,Al; were disﬂnguiahcd by X-ray difﬁ‘notiun, nnd |
'_the 1dentity of Ru‘Alﬂ (rashet han RuAm wad confinned.
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that all the high fnterisity peaks He at low diffraction enges, and tho low smgle fives are
Ko it £0 havs the greutest maccmacy This inaccuracy is dut to the large vananonut' sine
Wit Gat Yorw angles. L

-omy those films having backscatiered (high angle) lines could bs used for calculation of
ACCUTAIS inbcrplnnnr spacings, sinco - those Imes are required for calcnlauun of the film
shrinknge factor (the Straumanis factor, in this case, because the Stmunwnis me:hod“" was
: . used for film analysis). Since the plenar spacings could not be. calculated for those films
which did not have backscattered lines, the phas:-.s were indentified by graphical mctlmdx
as dasm-ibad in Chapter 3.

The calulated fattice dat fou Rual, (Appendix XX) mchcmd the 100% peak to.
 corzespond to 8 d-valuo of 0.368 Fim, Rﬁ.Al,, i rc;mrwd 1o have two 100% ﬁeaks; one
corresponding 1o & devaluo of 0,36 nm, and the othor corresponding to 0.332 nm, 1 is the
Taer poak which 1 tho most dstinguishing fictor between RuAl, and Ru,Aly;. Theto was
1o ﬁlm which had only the 0,36 nm posk, f.e. the phase present was deﬁnitcly Ru,Aly,, and
nntRuAl, In all cases the 0.36 nm peakwas of lower mtcnmtyﬁmn the 0,332 nm pcnk
and it is suggesied that the formar has # rolutive intensity halaw 100%.

O the unidentified diffraction peaks, thers are some which were fownd in several of tho
spmples, Howover, the sbundance of phases in these samples prohibited the formier fact

being of any use. The only strong posk which remaines unidentified was in nominal |

R“;'Ngq"ﬂ in ﬁw Heat tregted conditlon. _
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6.5 X-Ray Diffraction

The prposs of the Debye-Schmer dxfﬁ:achon expemnunts wdte two-fold. Firstly, they
conﬁnucd the presencs of the phasws ideutiﬁed from the qunnﬁmuve amlyscs (mummg

| Edshammat’s orystal structures to be nccmate"""“‘) Seoondly, ﬂwY served A

conﬁrmaﬁon ¢ uhe reported latﬂw data.

 Inmost case, the bigh intensty lnes in ach of the Dehye—&&'mrer films were identified,
| but there Were some very low intensity lines which did not match tho plane spacings (d-
values) reported by= Bdshammar. Since the phases had not been isolated, the latter lines
could not bo identified, | | :

In some cases thers werd compounds in the samples which wete ot represented on the
* Debye-Scherre filrt, This could be dus 10 one of the fllowing theee factors. Fiesl, the

powdcr was filed from the surfice ot‘ cach sample. Since the sumplos wers vm-. -

| inhamogmeous it i5 possible that the powder was filed ﬁum an area which did not contain
__ all of the phases present in the sample, Secondly; the powdse wa_s "yereened" uslng acetons,

and only the finer parcies wers collected for testing, ﬁrhis could further diminish the

wariety of phases tested, Thirdly, masking of ths phases can occur, This pheuomehon occurs
- when the distarice betwesn planes of two compounds are very similar, It causss the linos
GOrmspondihg to these planes to lie in the sa‘nie position rt the Debye«Scher:er film, and.
can lend to problems in jdentification of the nes, In this partioular syste:ﬁ. .thq high
intensity peaks of some of the phases are in similar_ positions, and phase idanﬂficat_ion was
difficult when such phases were pméont, Another fenson i_h_at identification was difficult is
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- Anlage’s data points (depicted s dots in Figure 2.3) wers used for the 'luw ﬁxthcnium ond,
 evon thongh His analyses were obisined without Ru-Al standards. The solid solubility
.- tomperature dependmco of RuAl has not been a tered, but that of Ru,Al, has been re-
speczlﬂed. The Ru,Aly phasa boundaty was reconstructed to. accommodaw evidence fmm .
| ._ t!'us work and Edshammar’s. The nther phasea have been mdica:ed with no mmperature |
dependmee, since this mfmauon WaS not avsilable.

* The layered mwne which was present in mémy of sanples, &g, RugAly, RuygAly, efc.,
can !:ﬁ_well éxplaincd by the pszosod.cascade of peritectis seactions and steep Heidus,
With the' very _high' coolihg rafes produ_qed in are bu_ttoh manufactuore, the sam;:lﬁ solidified
in stages, with the higher melﬁng' point intermetallics frepzing fivst. ’I'_hese are the higher
rutherdum ones. The remaining liquid was.-ﬁte:i mwore Al-rich than thc sclid, and the next
Iayer of mtermezallic to solidify had a hwer melting point and bigher aluminium content
(as described in dis‘cussion of RutyyqtAly ). Thus; this .pzooesa wag repeated with RuAl
solidxfying inidally, then RuzAl, In most cases no inycr of RuAl, was ﬁmned; mbnbly
dus to sovere undercooling and the formation temperam of RuAl, lying just above that
- of Ru..Al;,. The latter phase solidified next, but 4s the RuAl; phase was missgd. there was
5 excess of ruthenium in the matrx. n some cases, smal disctete amounts of RuAl,
 Yormed by cellulr preoipltaton, and in othecs, an intimate mixture of Ro Al aud RuyAl,

- It was proposed aarlmr {Chapter «) that the latter wag the roqult of i sohd
decompomtion of the Ru-rich inhomoganeitles,
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Table 6.9: Doducnon of tmits of pcrltccnc macﬁon imes, and peritectic yeaction pomts, B

usmg all available data,

PERITECTIC | AI-RICH LIMIT | PERITECTIC POINT | Ru-RICH LIMIT
REACTIONLINE | @ %Rw) | @ ®R) |  (@®%Ry _
" RuAl, | 33.33-3636 | >A4444 | Counotdeduce

RuAl, | >2764 |  >3333 | Camotdedue
.nﬁ,m,, o ¢27.6_4 __ >187 | 99333636

' The dedmtmns conitaified in Table 69 indicate that the composihon range for Ru,Al, s

' sﬁghﬂy“dderthanrcpnrtedin'rablués Itshouldbemnmmbcmdthatsmdcofmevaluns_ _

in Tal_:les 6.6, 6.7 and 6.9 are highly speculative, but they do give some indication of the
~ shape of the hqmdus ﬁnfmmnalaly, boﬂlthc extreme slopa of the Hqﬁidus'aczoés the phase
diagran, and the ack of control on the arcmelting technique, means that i the liquid -
| .reaches a vcry high temperatme (say, shove the fomaﬁon of RuAl at -.'2;060"(..‘) then the
formaﬂon of nealy all thqa phases in smail amounts is posmble This makes. for very -
itmomogcnequs alloys _(e.g,_Rm:Al,s-a(ht). Ru,,.AJN, eic) and makes deduction of the |
Yigquidus mors difficult, Idaally ang wnuld want to conirol the maxxmmn temfmﬁ:m of the.
mmultm abont 100°C above ihe_ estimated liquidus,

The above observations are summarised simply in a sketch of a new phase diagram (Fig
6.1), The fines are not solid because they ars cnly the best estimate that could be obtained

from the wotk covered here, énd may not accurately represent the true sit‘uatién The phase -~

| ] dmgmndeplcwdelgmﬁlisbased notonlyunthasampluamadoduﬂngthecourse

of this work, but is also consistent with other workm
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standards, due to software limitatians,

 The data for Rum, doas not okl any new informauon regardmg the reaction mm (Tabla :
6.7). Compmngtha rough deductions from thumxrmntwrk('rable 6.7) wnn those fmm
'-Edshammar s work (Table 66), itcan be secn that tlwrcxs ‘SOme sgrecment, hutthedata
from: the curront work i 1_s sparse, _However_,_ the most likely Timits were foundby considering

the pham compositions and_the dediuced. phase widths (Table 6.8). The tatior wete

| detemuncdﬁ'om th;ase Saiﬁjiles (discossed in chapiers 4 & 5) which WOm deermed 1o bothe

. tost homogeneous. In Teble 6.8 theleftandnghthoundanes QfRaAL andRmAl,, have_
been interchanged (ag in Table.s 6.1 & 6.2), gince they othervme represent an impossible
‘situation, This mod:ﬁ_cati_on -cmmot increase the error in the msplts, which must be large

for this situation to occur, The combined data for the peritsotic roaction limits is given in

_ Table 6.9,

-.'I'abl_e 6.8: Phase Composition Boundaries,

PHASE | AL-RICH BOUNDARY Ru—RICH BOUNDARY
L_{ -_. (at % Ru) (at % Ru)

" RuAl, 15,102 001 157401
RuAl, - 25.00  0.05 %6601
RuAl, | 9035008 358502
RipAl, 357408 41605

RuAl 502 % 06 543+ 04
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Table 6.6: Deduction of lmils of peritectic reaction lines, and peritectc roaction points,

‘using Bdshammar's data.
| PERITECTIC | ALRICH LIMIT | PERITECTIC POINT u-RICHLMT
REACTION LINE | . (at % Ru) @%R) | (@%BRo)
T RwAlL, | 333-2636 |  >44dd | Caoootdeduce
RuAl, | 3353-3636 |  >3333 44.44 - 50"
L RuAly, - 28.57-30.77 RuAl; not found 33.33 - 36.36

 Table 6: Dedtuction of limits o peltoatic waction lim, and pr;ﬁtacctic points, nsing he

aamplesﬁ'mnthlswmk.
'PERITECTIC | AMRICH LIMIT | PERITECTIC POINT | Ru-RICH LIMIT
REACTION LINE (at % Ru) (at % Ru) (at % Ru) .
T ma, ] »282 »22 >282 -
RuAl, 26 > 282 >282
Ru,Al, < 27.6 >137 > 262
B <3l <1984 > 187

 Ivis difficult 1o undertake & similar analysis using the alloys from this work (Table 6.7),
becanse many had the whole range of phases, and some were of litle use due to
~ contamination, It should slso be noted et the overall snalyses wexsobiained withont

Smce. 1o Ru,Al, wa fonned. RuAl was used to determine this lmit,

- "This limit does not fit the phase diagram, because non-equih'bnum coolmg caused
the reaction forming RuyAl, to be overshot, - _ _
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SPECTRUM: Ru,Al,; centrs of needle (quantitative)

ATOMIC %

| BLEMENT | WEIGHT % | % ERROR
| Ru 55.11 0.82 23.58
Towl | 10277 100.00

SPHCTRUM: RuAl, on edge of needle (quanﬁtaﬁvg)_ '

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 5991 062 | 8A9L
Ru 39,01 0.66 15.09

 SPECTRUM: RuAl, on edge " needle (quantitadve)

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 59.90 0.62 | 84.88
Ru 39,95 0.66  |1511
Tol | 99.86 | 10000
iECTRUM. Alich mairlx (quantitative)
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 95,49 0.87 99,20
Total 98.38 . 100.00
- SPECTRUM: Alrich matrlx (quantitatlve)

| BLEMENT | WRIGHT % { % ERROR | ATOMIC % |
Al 9472 . - | 087 99,17

Ru 2.98 0.21 1 0.83

Total 91.69 100,00
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 EXPERIMENTAL DATA FOR Ru:Al,

SAMPLE: Ru:Al,, (No heat treatment)

Semi-quantitative Analyses - _
 PHASE ATOMIC % RUTHENIUM
Al-tich matrix | 0,01
RuAl, (dentites) 1365
" RuAl (layer) 132404
* RuAl, (neodies)  22A%08 1

SPRCTROM: Ovcrall composition (semi-quantliative)

ELEMENT | RELATIVEX | WIT% | ATOMIC % |
Al 0.8656 93.68 | 9823
1 Ru  0.0382 6.32 177
Total - 100.00 100.00
T e m.

SPECTRUM: Qverall compasition (semi-quaniiative)

SPECTRUM: Ru,Alyy contro of necdls (quantitative)

ELEMENT | RELATIVEK | WT % | ATOMIC % |
Al - 0.9695 [ o830 | 09,54
Ru 0.0100 170|046

| ol 10000 | 10000 |

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
1 a | 47.44 0.54 75.80
Total 104,19 ' 100.00
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SPECTRUM: RuAl, ut edge of needle (quantitutive)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
A | 5082 | 060 8283
. I Ru 9948 0.14 17.17
" | Tomt {9030 | 100,00

SPECTRUM: RuAl st edge of needle (quantitative)

ELEMENT | WBIGHT % | % ERROR | ATOMIC % |
Al 49,59 0.59 82.14

Ru 40,41 075 17.86

Total 20,0t 100.00
SPECTRUM: Altih aatrix (quanamuw) | |
ﬂlmmm* WEIGHT % | % ERROR | ATOMIC «ﬂl
tal o489 094 |99 |
Ru 211 024 059

Tomt | 9699 '- 10000 {
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SPECTRUM: Ru,Al,; needle {quantitative)

- SPHCTRUM: RuAl; at edge of needls (quantitive)

ELEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al 912 | 060 7518
Ry 6076 | 1m 24,82
| Totl | 10988 | 100,00
~ SPBCTRUM: RuAly, needle (quantitative)
| ELEMENT | WRIGHT % | % ERROR | ATOMIC % |
1Al #20 - {058 {7530
Ru 5814 | 097 | 2410
1 Total 10543 | | 1000
SPECTRUM: Ru,Al, noidle (quandiative)
[f ELEMENT | WBIGHT % | % ERROR | ATOMIC %
AL 4728 ] 058 75.34
Ru 5798 0.97 24,66 .
| Total 10526 | 10000

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 50.84 | 0.60 8339
Ru . 3794 0,72 16,61

Total 88.78 100,00

 SPECTRUM; RuAl, at edgo of needls (quantiative)

[ BLEMENT | WEIGHT % | % ERROR | ATOMIC % |
A |40 [os  [seg
Ru 3 | 030 19,63
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o o . APPENDIX V
* EXPERIMENTAL DATA FOR Ruj:Alyt o

| cm.mmmm

'SAMPLE: RugAlyb (No heat treatment)
Semi-quantitative Aralyses ; o
i PHASE ATOMIC % RUTHENTUM
 Al-rich autectle B 0,37 :£000
Alpatice | 06
ReAl, .~ | 131%06
RuAl, | 2d%03

' SPRCTRUM: Overall composition (semi-quantitative) :

ELEMENT | RELATIVEK | WT % | ATOMIC %
Al 0.7706 89.02 | 9681

Ru | 0.0677 11008 |31
Total - 10000 | 10000

'SPECTRUM: Overall composition (seml-qunntiative)

ELEMENT | RELATIVER | WI'% | ATOMIC % |
Al 0.7704 - - 8002 | 96.81
Re | 00677 1098 . | 319
Total j 100,00 | 100.00

SPECTRUM: Overall composition (ssmi-quantitative)

ELEMENT | RELATIVEK | WT'% | ATOMIC %
1 At | 0.7864 | 80.86 - | 97.08
Ru 0.0623 1004 [292
Total | 100,00 | 100.00

e T
e S A AT
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SPECTRUM: Al-rich matrix (quantitative)

ELEMENT | WEIGHT % | % BRROR | ATOMIC %
Al {8748 1 088 941
Ra | 163 0.2 059
Total | 80.41 | 100,00

SPEC'I'RUM Alrich matrix (quantisative)

"ELEMENT | WEIGHT % { % ERROR . | ATOMIC %
Ry 2.82 1 023 0.87
|| Total 8895 | 0000
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SPECTRUM Ru@l,, phase layer und centre of needles (quantitatlve)

' SPECTRUM: Ru,Al,, phase Iayer and centre of necdlos (quanutauve)

FLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al . 46,61 0,57 | 7400
Ru 61.37 | 101 | 26,00
Total 107,97 "1 100,00

SPECTRUM: RuAl, phaso Iayer and contre of neodles (quantiative)

| BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 425 | 054 | 7a.80

Ru 53.32 1091 2520
Total 95,57 . ' --100.00_

SPBCTRUM. RuAl, phase layer, fing needies, and surrounding Ru,lAl,, (qunntitativa)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 42.54 054 | 1355
Ru 57,31 0.95 26.45
Total 69.85 | { 100,00

ELEMENT WEIGHT %% ERROR ATOMIC %
‘Al 63,03 070 | 8442
Ru . 43.60 081 15.58

100.00

iy

SPECTRUM RuAl, phase lnyer fine. nesdles, and. surmundmg RuyAlyy (qua:‘.tim&ve)-

'BLEMBNT WEIGHT % | % ERROR | ATOMIC %
Al 15445 ] 068 83,63
Ru 39,95 075 16.37
Total 9440 100,00
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SAMPLE: Ru,iAl,-a (475°C for 168 hours)

SPECTRUM: RuAl core region (quantitative)

BLEMB‘QT WBIGHT % | % ERROR - - ATOMIC %
Al - 23,15 038 __5345
JRe | 7554 1.15 46.55
Toul | 986 | 10000
SPEC’I'RUM RuAl core reglon (quanntaﬂve)
ELEMENT | WEIGHT % | % ERROR. | ATOMIC %
At lazao joar 50.88

Ru | 7742 117 . | 4902
ol | 98,82  100.00

SPRCTRUM: Ru,Al, phase layer (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Ru 667 | 106 35.82
Total 98,73 100.00

SPECTRUM: Ru,Aly phase layer (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 32.60 .46 65.41
Ra | 6458 1.03 34,59
Total 97.18 100.00

SPECI'RUM Ru,Al phase Inyor (quanﬁtntivs)

FILIMENT | WEIGHT % | % BERROR | ATOMIC %
Al 32,80 0.46 | 64,03

R.ll. 69104‘ 109 35.97

Toml | 101.84 | 10000

181




SPECTRUM: Al-rich matrix (quantimtive)

- | BLEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al 18037, oo |96
Ru 1.25 020 03T
“Total 50,61 100,00

SPECTRUM: Overall composition (quantitative)

- [ eLEMENT | WeIGHT % | % ERROR | ATOMIC %
Al 82,57 085 . 96.72
Ra 1050 . | 037 328
Towl | 93.08 |00

SPECTRUM: Overaﬂ-. ﬁompusiﬁon (quontitative)

HLEMENT | WEIGHT % | % ERROR | ATOMIC % ||
Al ]8295 085 | 9667

Ru 10.71 | 037 333

Total 93.66 - 100,00

SPECTRUM: RuAly needles (quantitative)

ATOMIC %

ELEMENT | WEIGHT % | % ERROR

Al 43,44 0.55 7413

Ru | 5681 | 095 2587
Totel 10025 100,00

SPECTRUM: Ru,Aly nﬂedles (qunnﬂtative)

ATOMIC %

ELEMENT | WEIGHT % | % ERROR
Al 42.26 0.54 74,05
Total - | 97.74 | 100.00
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'EXPERIMENTAL DATA FOR RugAlca

 SAMPLE: Ru,, Alg-a (No heat treatment)

" SPECTRUM: RuAl, needles {quantitative)

| ELEMENT

ATOMIC %

WEIGHT % | % ERROR _
Al 5780 | 066 8439
Ru 4008 - |07 15.61
_Total | 97.88 10000
'SPEC'IRUM' RuAla noedles (quanum!ive) S
ALEMENT | WEIGHT % %mon ATOMIC %
Al | 5762 0.66 8400
Ru - 40,85 077 1591
Total 98,48 o 100.00
SFECTRUM: RuAl, needles (quantitative) |
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al © | 5613 0.64 84,46
A RrRa | 38.69 0.74 15.54
Totsl 94,83 100.00
SPECTRUM: Al-rich matrix (quantitative)
ELEMENT | WEIGHT % | % ERROR ATOMIC %
Al | 5024 0,90 - | 99,57
Rll . 1046 0.21 0.43 .
 Total .} 9170 100,00
SPECTRUM: Alsich matrix (quantitative)
| BLEMENT WEIGHT % | % ERROR | ATOMIC %
Al 83.09 0.86 09,39
Rn 1.94 1020 0.61
Total - 85.93 . 100,00
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SPECTRUM: Contaminated RuAl, (somi-quantitative)

ELEMENT | RELATIVEK | WT % | ATOMIC %
Al 1 03048 5263 | 7681
Yo 0.0285 3,18 224
Ru -0.2888 - 1 40.50 15.77
Total I 1 100.00 100.60

SPECTRUM: Contaminated Al-rich matrix (semi-quantitative)

ELEMENT | RELATIVEK | WT' % | ATOMIC %
I At 1 09841 9899 | 9D.42

i 0.0010 043 {04l
Fo 0,0003 004 | 0.02

Ru 00032 054 |04

Total | 100.00 | 100.00

* SPECTRUM: Consaminated Al-rich matrix (semi-quantitaive)

ELEMENT | RELATIVEK | WI % | ATOMIC %
Al 00983 | 9991 | 99,93

i st | 0.000 006 | 006

Yo 0.0001 - 001 | o001

Ru | 0.0001 002 - | 0.00

Totl | 100.00 | 100.00

SPECTRUM: Contaminated Al-ich rmatrix (semi-quantitative)

ELEMENT | RELATIVEXK | WT % | ATOMIC %
I ar 0.9938 [o9.61 |o9.60
si 0.0006 0.26 0.25
| 7o 0.0011 012|006
Total o {10000 | 100,00
78




SPECTRUM: Contaminatcd Al-nch miitrix (semx—quanﬂtaﬁve)

ELEMENT mmx WT% | ATOMIC%
Al 0:9915 9947 | 99.64

Sk 0.0006 028  [027

Fe 0.0013. 0.14 0.07

' Ru 0.0006 011 003

"Total 100.00° | 100.00

SPECTRUM; AL-S1 crystals in sample (scmi-quéﬁﬁmﬁve)

ELEMENT | RELATIVEK | WT % ATOWC%

At 0.5129 | 5262 | 53.63
st  0.1814 4734 | 4635

 Fo 0.0001 0,01 0.0

Ru [ 0.0001 o003  |oor

Totsl 10000 | 10000

' SAMPLE; RugAl,,+b (550°C for 1176 hours)
SEFECTRUM: Contaninated RuAl, (s;'.nu-qunnutatiw)

HLEMENT anmxc W% | ATOMIC %
Al 0.3175 5452 | 7142

$i 0.0123 383 |52

Fe 0.0462 - |54 353

Ru 0.2565 3651 | 13.83
Total C ] 10000 | 10000

SPEC'I'RUM Contaminated RuAi; (SB!I'II'-Q_uaﬂﬁmnVB)

ELEMENT RELATIVBK WT % .| ATOMIC ?i_:__
Al _ 0.3362 56,64 80,05

S 0.0080 2.52 3.43

Fe 0.0331 3.69 2.52

Ru 0,2612 37.14 14.01

Total 1 100.00 100,00
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SPECTRUM: RuAl core region (quantitative)

| BLEMENT | WRIGHT % | % ERROR | ATOMIC % |
1Al 20,98 0.37 | 4993 -
bre  J7885 119 | 5007

Totl - .| 99.84 | 100.00

e

SPECTRUM: Ru,Al; phaso layer (quantitaive)

BLEMENT | WEIGHT % | % ERROR | ATOMIC %

Al . 33,03 047 | 6485
A Ru £107 . | 106 35,15

To | 10000 |- | 100,00

SPECTRUM: Ru,A}_, phase lnyer (duanﬁtativ:_s) '

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3235 | 046 6343

N ro 69.89 1.09 36,57

- Total 102,25 100.00

 SEECTRUM: RuyAl, phase layer (guansiative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 3264 0.46 63.61
Rit 69,97 1.10 3639

I Total 102,60 . 100,00

SPECTRUM: Ru,Al, phuso layer and centro of needles (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al 42,23 0.54 7423

Ru 54,94 0.93 2577
QTom | 9117 | 10000 |




 SPECTRUM: Thin RuAl, layer and needles (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 584t loss . | 8447
I Ru 40.24 076 1553
| Tow 98,68 | 100,00 -

* SPECTRUM: Thiss RuAl, layes and necdies (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 6 070 | 8454
A 6:0 "y
[ omt 10608 | .
~ SPECTRUM: Alrich matriz 0f ncedle région (qndnﬁtaﬁve)
. || BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 87.0% 0.88 99,15
Ru | 278 0.24 0.85 -
Total 89.80 . 100,00
b - x —— =

SPECTRUM: Altich matrlx of needle reglon (quansiative)

svrea
——

ATOMIC % |

WEIGHT % | % ERROR.
Al 8031 | 080 99,45
Ru 1.85 0.2 0,55
Total 91.16 - 100.00
' SAMPLE: Rug:Al, (475°C for 168 hous)
SPECTRUM: RuAl core reglon {quantitative) N
ELEMENT | WRIGHT % | % ERROR | aToMIC % |
Al |20, 037 | 5134
| Ru 7821 1.18 14866
Totl | 100.23 {10000
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' SPECTRUM: "Butectic"like mixture (quantitative)

ELEMENT | WEIGHT % | % ERRUR | ATOMIC %
Al 37.99 0.51 o171
Ru 63.44 1.02 30,83
Total - 10142 - 100,00

SPECTRUM: Smiall RuAl, geaing (quantitative)

ATOMIC % _

'ELEMENT | WEIGHT % | % ERROR

Al 39,19 051 - (7037
Rll 61-84 1101 29:63 .
1| ‘Total 101,03 | 100.00

SPECTRUM: Small RuAl, grains (quantitive)

L

w iy

101.20

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
I A 13889 0.51 7005
Ru 631 - | 1h 26,95
Total - 1060.00

SPECTRUM: Small RuAl, graing (quentitative)
ey e i et — -

RLEMENT | WEIGHT % | % ERROR. | ATOMIC % ||
Al 39,14 1051 020
Ru 5227 1001|2980

| Toul | 10141 100.00

WUM: Thin RuAl layer and needles (quantitative) -

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 63.55 1070 85,19
Ru 414 {078 14.81
Total =~ | 10494 - 100,00
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'SPECTR‘UM: RuAl,, phase Jayer and needles (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
[ a | 43.24 055 | 7380
Ra 5722 | 095 26.10
Towl | 100.46 100.00

SPECTRUM: Ru,AL, phase layer and needles (quantitative)

'ELEMENT | WEIGHT % | % ZRROR | ATOMIC %
Al | 4818 055 - 7420

Re 5625 | 094 2580
Total -~ 9943 100.00 -

. SPECTRUM: Ru,Aly, phase layer and needles (quantitaiive)

| RLEMENT | WEIGHT % | % BERROR | ATOMIC %
Al 4340 {055 73.9%
Total +100.80 100,00

 SPECTRUM: "BurecticJike mixture (quantitarive)

FLEMENT | WRIGHT % | % ERROR | ATOMIC %
Al 38,89 | 0.5 70,00
(Totl | 10135 100:00

. SPECTRUM: "Eutecti’-like mixture (quontitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
A 3819 0.51 69.17
| Bu 6371 103 30,83
Totzl | 101,96 . 100,00
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sgpcmum RuAl core region (quantitative)

HLEMENT | WBIGHT % | % ERROR | ATOMIC %
Al 1908 035 4672
Ru 8152 122 5328
Totd | 10060 | - 100,00

- SPECTRUM: RuAl core region .(qgg_n*t"i'taﬂvc)n _'

\'.I.-., Gl
sl

" | ot
.

ELEMENT | WEIGHT % | % ERRCR | ATOMIC %
| 18.50 034 46.05
Ru BL62 122 5395
10021 - 100.00

* SPECTRUM: Ru,AL, phase Inyer -.(qﬁnnﬂtnﬁvej
ey S

| EvENT | weiowT % | % ERROR | ATOMIC % ||
a0 sy 046 6347

Ru | 6894 1.08 36,53

[Towt |

SPHCTRUM: Ru;Al, phass layer (quantiative)

o,

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 31.84 046 - | 63.30
Ru .17 100 36.70
Total 101.0% 10000

SPECTRUM: Ru,Al, phose layer (quantitative)

BLEMENT | WRIGHT % | % ERROR | ATOMIC %
1 at 22,35 0.46 63.88
Ry | 6854 1.08 3612

e
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EXPERIMENTAL DATA FOR Ruy,:Al,

SAMPLE: RuygAly, (as-cast)
SPECTRUM: Ru-rich solid in sutectic (quantitaﬁve)

BLE‘MENT WEIGHT % | % ERROR. ATOMIC % |
Ru 92.26 113 B 7591 -
Total 100,07 100.00

SPECTRUM: Ruv-rich solid in entectio (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 6.07 0.23 19,59
R {9332 1,34 80,41
Tot | 99.39 ' 100.00

SPECTRUM Ru-rich solid in autectic (quanﬂmﬂve)

Fﬁm | WEIGHT % | % GRROR | ATOMIC %
I a1 779 | 035 2420
Ru | 9142 12 | 7580
Total ' 100,00

SPECTRUM: RuAl coro reglon {quantitative)

Total

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Ry 8206 | 123 54.55
10043 100.00
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SPECTRUM: Contaminated RuAl, (semi-quantitative)

&

ELEMENT | RELATIVEX | WT % . | ATOMIC %
Al 0.3329 5550 | 8005
Si 0.0082 2.55 353

Fe 0.0004 1.05 0.73

Ru 0.2002 4081 | 15.69
Tod | - 100.00 | 100,00

SPECTRUM: Comaminaed Al-vich matrix {semi-quantitative)

ELEMENT | RELATIVEK | WI'% | ATOMIC %
Al 0.9949 9902 | 9977
- Fe 0.0010 0.00 | 0.05

I Ru 00008 . |00 |o01
Towal 1 10000 | 10000

SPECTRUM: Contaminated Al-vich marlx (semi-quantitative)

ELEMENT | RELATIVEK | WI% | ATOMIC% |
Si 0.0008 .36 1 0.35
Fe 0.0009 Q.10 0.05
Ru 0.0021. 0.36 0.10
Total - 100,00 100,00
o o e : d e

SPECTRUM: Contaminated Al-xich mutrix {semi-quantitative)
sz

ELEMENT | RELATIVEK | WT% | ATOMIC %
Al 09892 9920 | 99.56

St 0.0008 035 | 034

Fe 00000 000 | 000

Ru 0.0021 035 | 009

Total {10000 | 100.00
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SPECTRUM: Contaminated RuAl, (sezﬂi-quang'_mtive)

FLEMENT | RELATIVEK | WT % | ATOMIC %
Al 04027 6419 | 8687
o | 0.0060 067 | 044

Ry 02417 314 | 1260
Total C 0 {10000 | 100.00

 SPECTRUM: Contaminated Al-rich matrix (semi-quantitative)

ELEMENT | RELATIVEK | WT' % | ATOMIC %
A  0.9930 | 99.61 | 5089

e 0.0000- 1000 1000

Ru 0.0023 039 |00

Tow! 10000 | 100.00

SAMPLE: Ru,:Aly, (550°C for 1176 hours)

SFECTRUM: Contaminated RuAls (semi-quantitative) -

ELEMENT | RELATIVEK | WI' % | #1OMIC %
Al | 03093 5266 | 71,05
i 0.0130 1391 {550
Fo 0.0139 156 | 110
[re | o299t 4187 | 1635
Total 10000 | 10000

SPECTRUM: Contaminated RuAl (semi-quantiative)

ELEMENT | RELATIVEK { WI'% | ATOMIC %
Al 4188 . 64.86 8695

8i 0.0006 0,20 - 0.26

Fe 0.0003 103 0.67

Ry - 02343 339 [ 1218

Total o 100.00 | 100,00
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EXPERIMENTAL DATA FOR Ruy:AL,

" SAMPLE: Ru:Al;, (No heat treatment) '
SPECTRUM: Qverall composition (semi—quanﬁtauve)

| mEMENT | RELATIVEK | Wr % | ATOMIC %
AL 0.6222 8L01 | 93.98
Fe 0.0051 1 0.57 1032
Re 0.1164 1842 1370

SPECTRUM: Overall composition (smn-quanhtatwa)

ELEMENT | RELATIVEK | WI'% | ATOMIC %
Al | 0.6226 BL.O2 | 93.99

Yo ' 0.0047 052 |02

Ru 0.1167 1846 | 571

Total 10000 | 100.00

SPECTRUM: Contaminated RuAl, (semi-quanticative)

100,00

ELEMENT | RELATIVEE | WI'% | ATOMIC %
Al 03437 5856 | 8374

Fe 00129 144 100

 Bn 0.2830 4000 | 1527

Total

1 100.00

ke s kst
e

SPECTRUM: Conteminated RuAl, (semi-quantitative)

_ _-Total-

ELEMENT | RELATIVEK | WT % ATOMIC %
Al 0.3395 58.11 83.49
[ R 0.2869 w045 | 1551
j00.00 | 10000
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X-RAY DIFFRACTION DATA FOR RuiAl,, CONTINUED:

| NUMBER | 2 THETA | d (nm) CPS | INTENSITY(%)
21 | 27.604 014817 | 7808 | 050
2 28661 | 044327 | 3368 | 021
23 3074 | 013239 | 1071 0,07
24 31775 | 012954 | 943 0.06
25 32680 | 012605 | 1231 008
26 | 33660 [ 012248 | 8064 | 031
27 35309 | 011693 |  79.69. | 0.51
28 97187 | 01122 | - 3379 021
29 38035 | 010855 4 1604 .| 010
30 43.620 | 000545 | 1032 | _ 007
31 44831 | 009300 33.43 02t
2 46103 | 009040 | 1500 010
33 | 50819 | 008264 | 15179 | 096
34 | sL16 | 008211 | 8Ll b5z
35| 53,087 007935 | 620 | 004
36 54,889 0,07694 2920 | 0,19
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- X-RAY DIFFRACTION DATA FOR RuiAl,:

CPS

TENSITY (%)

NUMBER | 2 THETA | d (om)

R 8188 | oao672 6030 038
2 | 9048 | 044960 3964 | 025
3 10840 | 037543 | 1972 013

. 12000 | 033925 | 3216 0.20
8 12,255 | 033223 67.88 0.43
6 13,182 | 030896 | 114 0.01
o 14,139 02884 | 2322 0.15
8 15,540 02620 | _ 882 0.06 _
9 15941 | 025574 405 | . 003
10 | 17387 | 023461 | 1574722 | 10000
11| 18040 | 022619 | 39349 2.50
12 18,847 | 0.21658 20061 | 129
18_ 19725 | 020704 | 15728 100
14 21458 | 019048 | 2482 046
15 22.098 0.18503 12.81 0.08
16 22.930 0.17841 780 005
11| 2386 017207 | _i256 008
8 _ 24611 0,16639 13.01 10,08
19_ 25,330 0.16174. 24,51 0.16
20 - 26,759 0.15325 17.24 011




SPECTRUM Dxmte R”Alﬁ in isop of sample (semi-quantitatlve)

EI..EMENT _ WEIGHT % % ERROR | ATOMIC %
Al 62.30 0.64 8479
Ru ALE9 [ 049 15.21
Total 10419 | 100,00

SPECTRUM Discrete RuAls in top of smnple (sem:-quantitauve)

'ELEMBNT 'WEIGHT % | % ERROR ATOMIC %
Al 61,57 0.64 ' | 84.82

|| Ru 41,28 0.68 1518

Total | 102.85 - 100.00
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SPECTKUM: Overull composition (quantimtlve)

[ ELEMENT | WRIGHT % | % ERROR | ATOMIC %
I Al - 42,14 ] 054 7231
Rll 60-48 0099 27-69

‘SAMPLE: Ru,. AJ,, (1300°c for 6.5 hours)

m

SPECIRUM: Ru-rich solid in eutestle (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al 343 0.20 19 |
Ru 94,29 135 88,01

Towl | 9172 | 10000

~SPECTRUM: Ru-tich solid in entectic (quantitative)

ELEMENT | WRIGHT % | % ERROR | ATOMIC % ||
Al - 3.42 0.20 1200
Ru 94,02 135 83.00

Towl | 074 100.00

SPRCTRUM: RuiAl core teglon (quantitative)

| ELEMENT | WRIGHT % | % ERROR | ATOMIC %
Al 1967 | 035 47.48

[Re 81.54 1.22 52,52

| Toul 10121 10000

SPECTRUM: RuAl core région {quantiative)

BLEMENT | WRIGHT % | % ERROR | ATOMIC %
Al ] 178 0.34 - 4494 .

Ru 81.62 122 35.06
Totat 59,40 100.00
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- SPECTRUM: Discrets RuAl, grains (quantiative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 18.83 051 | 6062
Ru 63.50 .02 | 3038

Total 10233 ] 100,00

SPECTRUM: Discrete RuAl, grains (quantimtive)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3865 | 051 69.54

i Ru 63.43 1,02 30,46
Totl {10208 | 10000

SPECTRUM: Disctoto Ru,Al {quantitative)
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3282 . | 046 63.48
Ru 075 | 110 36,52
Total | 103.57 100,00
SPECTRUM: Discrete RuAly (quantitative)

[ ELmmeNT [ wetcnT % ERROR | ATOMIC %
Al 3407 ] 047 16507
Ru 68.53 108 3493
Total 10259 . 100.00

~ SPECTRUM: Overall composition (quantitative)

ATOMIC %

ELEMENT | WRIGHT % | % ERROR

Al | 4218 0,54 T2.42
Ru 60.20 0.99 27.58
Total 102,38 100,00
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 EXPERIVENTAL DATA FOR RuntAl;

SAMPLE: RugAl, (as-cas)
SPECTRUM: Ru,Alj, matrix (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC% |

' |aaso  loss  |7am
Ra  |s5826 (09 . [2629
Totd 10185 | 10000

SPECTRUM: Ru,Al,, matix (quantitadve)

ELEMENT | WEIGHT % | % ERROR | ATOMIC % |

Al 439  loss | 7346
Ru 50,53 0v8 26,54

Total 0350 o000

SPECTRUM: Ru,Al;, matrix (quantitative)

FLEMENT | WRIGHT % | % ERROR | ATOMIC %
Al |42 055 | 7383
I Total 103.61 10000

e et g

 SPECTRUM: Discrote RuAl, grains (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al 33.62 0.51 69,80
Total 100,23 o

100.00 .
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SPECTRUM: Overall camposition (quantitative)

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
A 52.00 0.61 80.16
Ru 48,31 085 | 19.84
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- o | APPENDIX X
EXPERIMENTAL DATA FOR Ru:Aly
SAMPLE: RuypAly, (as-cast)
SPECTRUM: Ru,Al,; needles (quantipatve)

| BLEMENT | WEIGHT % | % ERROR | ATOMIC %
1A | 4806 0.55 73,29

1 Ry 5975 0.8 26.71
“Total 103.52 - 100.00

- spscmum. Ru ALy needles (qunnﬂtative}

. T N AT : -
BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 4389 | 038 73,54
Ru 59,18 0.98 26.46
Totul ;| 100,00

&ZQCTRW: Al-rich mairix (quantitative)

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3614 0.87 19924
i Ru 247 - 0.22 076
 Total 8860 - | 10000
SPECTRUM: Abrich matiy (quunttasive) B
_ELEMENT | WRIGHT % | % ERROR | ATOMIC % |
Al |90 0.90 9943
Ru L77 0.22 0.52
| ]
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X-RAY DIFFRACTION DATA FOR RuyyiAly-b CONTINUED:

 NUMBER | 2THETA | d(m) | ~CPS | INTENSITY(%)
30 | 31323 | 013136 | 1445 159
31 32,080 | 02830 | 42,05 463
32 33.874 012173 |  107.29 L 11.82
33 35.004 011791 37.77 416
L 36.100 0.131445 26.10 2.87
35 31.582 0.11009 §5.13 9.38
36 381741 010844 2619 | 288
37 39126 | 010591 591 0.65
38 4091 | 010104 | 4098 451
39 42366 | - 009814 29,81 328
40 _ 44,331 009401 | 3215 334
41 | 44640 000337 | - 4429 4.88
42 45.36} 0.09197 OL14 1004
43 | . 45700 | 009132 37.49 413
44 46.129 0.09052 _32.64 359
45 47.925 0.08731_ 2058 336
46 48.260 0,08674 21.20 2
41 48,745 0,08593 25.38 %9
48 1. 49.083 008538 _{ 16.61 183
.49 49.723 008435 |  24.63 LT
50 50,288 00836 | 2791 307
_51 51.741 008127 | 7007 172
52 52,104 0.08074 32.38 457
53 54.231 0.07780 21,94 2,42
54 55.431 007625 ) ‘439 1.56
53 56,380 007507 [ 204, 229
56 56,880 0071446 | 17.71 193
57 57,300 007396 | 1697 1.87




NUMBER | 2 THETA |  d{mm) _Cps INTENSITY(%)
1_ 8260 | 049239 10481 | 1154
) 8599 047303 9713 [ 1070
3 9,003 045181 5215 | 574
4 9,500 0.42624 23821 |42
5 10124 | 040191 5171 .| .6.36
§ 10560 | 038535 33.90 1373
7 _11.368 | 0.35806 48.30 | 5.32
8 12325 | 033034 | 85335 [ 3892

9 12,806 0.31797 1508 | 166
10 14,243 0.28604 2639 | 291
d1 4 14987 0.27557 2869 | 316
12 16005 | 025472 _1s14 1178
13 16.400 0,24863 374 |04
14 16920 | 024104 17,19 | 189
15 17830 | 022884 | 269.68 |2970
16 18.759 0.21759 12423 | 13.68
17 _19.224 0.21238 908.00_ | 100,00
18 19,762 0.20665 05.67 | 22,65
19 120278 0.20145 21045 12319
20 22.342 0.18304_ 57.90 . [ 638
21 23.560 | 0.17370 1485 | 164
22 23860 | 017155 2858 | 315
23 24,580 0.16660 1624 | 179
24 25.285 006202 | 3378 | 372
24 26904 ) 0.15244 2820 | 3.1
26 21,700 0.14814 8139 | 896
21 28,004 0.14656 11089 | 12.21
28 20.045 0.14142 304,36, {3352
29 30092 [ 0.13660 2388 | 2.63



~ SPECTRUM: Majority phase - Ru,Al; (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 4606 0.53 7493
Rn 51,74 2.84 25,07
Total 103.80 100.00

SPECTRUM: "RuAl," minor phass (quantitative)

© SPECTRUM: "RuAl," minor

HLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 5332 0.58 8148
Ru 4541 072 18.52

Total | 9873 ' i 100.00

phise (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 5422 058  g144
Ru - [4630 0,73 18,56
Total 1 100,52 ' 100,00

SPECTRUM: RuAl, minor phase (quantitative)

" SPECTRUM: RuAl, minor phase (quantitative)

ELEY ™7 | WEIGHT % | % ERROR | ATOMIC %
i 60.30 063 8500
Total 100.19 . 100.00

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al- 60.38 0.63 4,78

| Ru 40,61 0,67 15.22
- Total 10{).99 '

100.00



SPECTRUM: Overall composition (semmi-quantitative)

| BLEMENT | RELATIVEX | WT% | ATOMIC% |
Total 10000 | 100.00

SPECTRUM: Al-xich solid sotutic : (quentitative)

ELEMENT | WRIGHT % | % ZRROR | 2 .OMIC %
1A - 19528 087 [ 9915

Ru 305 |02 - 085

Total %84 | 100.00

SPECTRUM: Al-rich solid solution (quastitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 9600 . | 0.88 99.12

Ru 3.18 021|088

Towl | 99.19 | o000

SPECTRUM: Majority phase - Ru,Al,; (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 45.69 0.52 74.83
Ru 5759 | 084 25.17 .
Total 10328 100.00

SPECTRUM: Majority phase - RuyAlys (quantitative)

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 44,12 051 7534
Ru 54,11 0.80 24.66
Total 1 98.23 100,00
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- cuE Mm' ANALYSES (EDAX)

| EXPERIMENTAL DATA FOR RuyAlgb

© SAMPLE: RujgAlg-b (No heat treatment)
- Semi-quantitative Analyscs . B
PHASE = | ATOMIC % RUTHENIUM
 Alsdchsolld | 006002
KuAl, 13101
"RyAL" 164402
 RuAly 2001

SPECTRUM: Overall composition (ssmi-quantitative)

SLEMENT | RELATIVER | WI% | AToMIC% |
Al | 0.4081 63.65 86.77 .
Ru 0.2536 3635 | 1328
Total o 10000 | 10000

SPECTRUM: Overall composition (semi-quantitative)

'FLEMENT | RELATIVEK | WT % | ATOMIC %
Ru | 02454 3536 | 1274
Total 10000 | 100.00

SPECTRUM: Overall composition (semi-quantitative)

| BLEMENT | RELATIVEK | WT % | ATOMIC %
Al 0.3660 - 59.55 84.65 -
Ru 0.2582 1 40,45 15.35
"Total 5 10000 110000 |
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SPECTRUM: Al-tich matrix in needle region (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 8590  jos7 9957
Il Ru 1.40 020 043

Total 8730 100.00




SPECTRUM: Ru,Al,; phase layer and centre of needles (quantiative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 4204 1034 7400
Ru | 5536 0.93 2600
Total 9740 10000 .

SPECTRUM: Ru,Al, phase layer and centre of needlos (quantitative)

|| FLEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al 14358 | 0&Y 73.90 |
Re (5760 |09 %50
CToal | 10127 110000

© SPECTRUM: RuAl, phase Jayer, surrounding Ru,Al,y; and fiasr needlos (quantitative)

FLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 56.22 065 | 8422
Ry 3949 075 | 1578
Towl | 9571 | 100.00

- SPECTRUM: RuAl, phase layer,' surroundix.ig Ru,Alyy, and finer needles (quantitative)

{ BLEMENT | WRIGHT % | % ERROR | ATOMIC %
lar 5694 065 . | 8419

Ru 40,08 0.76 15.81

Toal - | 97.02 © | 10000

SPECTRUM: Alich matrix in needle rogion (quantitative)

HUEMENT | WEIGHT % | % ERROR | ATOMIC %
- Al 85.05 0.86 99,45

Ru 177 0.20 0.55
Totl - | 86.82 100,00
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SPECTRUM: RuAl, matrix in most regions (quantitative)

| HLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 33.61 1047 |63
Ru | .68 1.13 86,50
Towl - | 106.26 o 100.00

' SPECTRUM: RoAl, matrix in most regions {quantitative)

ELEMENT | WRIGHT % | % ERROR | ATOMIC %
Al 3360|047 63,40
| ® 7290 113 36.60

 SPECTRUM: RuAl, matrix in most regions (quantitative)

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 33,03 047 | 6335
Re | 7160 111 . 36.65
Totl | 104638 | 100,00
SPECTRUM: Small inclusions (quastitative) - _
| ELEMENT | WRIGHT % | % ERROR | ATOMIC %
- Al 1041 0.35 14864
Ru | 76,78 117 5136
{l Total | 9619 10000 |
SPECTRUM: Small incluslons (quantintive)
ELEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al | a7 0.38 5173
Ru 76,10 116 48.27
Totl | 97.86 ~ 100,00
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SPECTRUM; RuAl, in two-phass region (quantitative)

ATOMIC % ||

109,80

ELEMENT | WEIGHT % | % ERROR

Al 34.25 048 6295
Ru 7558 116 3705
Total

100.00

Liw.

ek
v

AT ¥,

SPECTRUM: Alrich soid lining cavites (quanttative)

Total

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al { 60.41 0.68 97

Ru 0.65 017 |02
| 6106 | 100.00

SFECTRUM: Alich sold lining cavities (quantitive)

A

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
61,42 0.68 | 99.65

Re | 081 0,17 | 0.35

Towl | 6223

100,00

SPECTRUM: Al-tich solld living cavitles (quontitatlve)

ELEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al 52,05 0,61 99,85

Ry 030 0.15 015
Total 52,35 ' 10000

SPECTRUM: Albrich solid - oxide analysls (quantitative)

102.17

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 54,07 0.60 40.00

o) 1 48,10 60.00
lqml .




SAMPLE: Ruy,:Al, (After additional heat trentment)
SPECTRUM: Discrete Ru,Al, in t\n{?-phase region (quantitative)

ELEMENT | WRIGHT % | % ERROR | ATOMIC %
Al 2695 jo42 55.99
Ru 7038 {120 |4401
Totd | 106,33 110000

1

_ SPEC’I'RUM: Discrete Rv,Al; in two-phase reglon (qunnﬁttiﬁve)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 26,85 042 5513

| ot 10672 o 100,00
it e i |

SPECTRUM: Discreis Ru,Al, In tv-b-phase reglon (quantitative) |
vt D e e e p ” T

s i e it
e

RLEMENT _'wmcrrr % | % ERROR | ATOMIC %
Al 2696 0.42 5589

i Ru 7973 | 120 44,11

I Total 106.69 . - 100,00

SPECTRUM: RuAl, in two-phase reglon (quantjtntive) 'r_ .

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 2390 0.47 6290 |
Ru - | 74,93 | 115 37.10.
{ Tatal | <08.83 10000 |
" SPECTRUM: RuAL in two-phase 'mgigg (quantitative)
ELEMENT | WRIGHT % | % ERROR | ATOMIC %
1Al - 44,06 0.48 6296
Ru 7% | 116 | 37.04
Total 109.17 -1 10000
vy



'X-RAY DIFFRACTION DATA FOR Ruy;iAly, (1200°C for 312 hous) CONTINUED:

{ NUMBER | 2 THETA | d (am) _EPs INTENSITY(%),_.
30 25,638 (.11588 39.67 824 |
31 367031 0.11263 10,21 212
) 37,583 1 011000 | 14134 29.36
3 37820 | 0.10042 99.92 2075,
3| 38670 | 010711 50.02 12,26
33 39364 | 010529 18.84 L3901
36 30800 | 0.10396 47,04 o7
87| 40505 | 010245 |  39.96 §.30
38 | 425 | 009847 | 5524 1147
39 43212 | 009630 7.34 15
40 44818 | 000302 | 2690 5.5
41 45360 | 009197 | 2837 589
42 46.374 0.09007 1671 {38
43 46825 | 008935 33.83 "~ 7.08
44 48.040 0.08712 30.82 6.40
45 48400 | 008651 | 7951 1651
46 48,740 008394 |  37.80 71.85
47 49.393 0.08499 1693 3,52
48 50.212 0.08358 28.53 593,
149 51006 | 008236 | 1855 3,85
L350 53.137 | 007928 35,80 744
5 53,507 | 007878 22.43 4.66
5 53544 0.07819 35.73 142
53 54641 | 007726 22.39 4.65
54 55.823 | 007575 186.72 3878
85 56.168 007533 | 8118 16.86
56 57761 | 007342 12,66 2,63

22)
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| NUMBER | 2 THETA | d (nm) crs INTENSITY/(%).
1ot 8,365 | _0.48623 44.60 926~
2 8749 | 04601 | 3242 6.73
R 0272 | 043872 | 3022 6.28
-4 9002 | 040721 | 4346 857
5 11,099 | 036670 217,09 5155
6 12.077 033710 | 1236 257
1 12.380 | 022888 2363 451
B 13,830 | 0.20454 185,30 38,91
e 14,685 027748 1071 222
10 18,957 1 025549 1794 | 3.73
11 17.199 023715 146.79 3049
% 0 18243 | 022370 | 48148 100,00
13 | 18700 021827 131,29 27.27
14 19221 | 021241 13694 2844
15 ;1 . 19706 020723 376,10 18.12
16 | 20476 0.19951 88.21 18,32
Y 22,562 0,18127 26327 54.68
18 23,608 0.17335 16.87 350
19 25499 | 0.16069 55.85 11,60
20 27,019 015147 | 4561 947
2 _27.842 0.14740 113,64 23,60
23 18.611 0.14352 7976 16.57
23 20403 | 0.13973 137.05 28,47
| 24 30441 . | 013639 4691 9.74
25 30.754 013373 | . 11478 23,84
.26 | 32248 012774 144,26 29.96
21 33224 | 012404 | 8499 1765
28 33,580 | 02276 | 50,7 10.40
) 34464 | 001971 | 57,39 1192




SPECTRUM: RuAl, in centtal region (Microptobe)
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"WT% Al | WI%Ru | TOTAL | AT%Al | AT%Re | TOTAL
3252 | 6763 | 10045 | 6431 | 356 | 10000
3258 | 6731 | 998 | 6446 | 23554 | 10000

32 | 6730 | 9957 | 6424 | 3576 | 10000
282 | 6789 | 10071 | 6443 3557 | 10000
32.63 | 6726 99,89 | 6451 35.49 100,00
3851 | 6734 | 10085 | 6500 | 3491 | 10000

3226 | 6754 | 9981 | 6416 | 3584 | 10000
3145 | 6638 | 9838 63.80 | 3620 | 100,00
3,37 | 6690 | 9827 | 6373 | 36w | 10000
3122 | 6733 98.55 6347 | 3653 100,00

| SPECTRUM: RoAl,, in central segion (Microprobe)

[ Wt AL | W% Ru | ~OTAL | AT% Al | AT%Ru | TOTAL |
4425 | 5545 | 7a94 | 2506 | 10000
43.74 55,01 98,75 7487 | 2506 | 10000
A319 1 5532 9881 | 7466 25,34 100,00
4349 | 3505 | o854 | 476 | 2824 | 10000
4400 | 5517 09,27 7497 2503 | 100,00
4402 1 3570 09,72 7476 | 2534 | 100,00
a4 | 8553 9995 | 7498 | 2502 | 10000
4387 | 5435 | 9842 | 7508 | 2482 | 10000
4496 | 5560 | 10086 | 7519 2481 | 10000
44,59 5560 | 10028 | 7500 2500 | 10000



EXPERIMENTAL DATA FOR RugiAly

SAMPLE: RuyAlg, (1200°C for 312 hours)
§P§':CTRUM: Overall composition (semi-quantitative)

ELEMENT | RELATIVEK | WT % ATOMIC %
Tar o225 4244 | 7343

Ru | 04484 5756 | 2657

| Toul | 10000 | 100.00

~ SPECTRUM; Overall composition (semi-quantisative)

BLEMENT | RELATIVEX | WT'% | ATOMIC %
At | 02243 4284 | 7374

* SPECTRUM; Overall composition (semi-quantitative)

| BLEMENT | RELATIVE-K [ W% | ATOMIC %
Al 1 02077 40,48 71,82
Ru 04688 | 59.52 2818
Total : 100,00 | 100.00

SPECTRUM: Overall gomposition (smni-quanﬂinﬁve)

- ==
ELEMENT | RELATIVEK | WT'%__ | ATOMIC %
Al 02084 4058 | 7191
Re - | 04678 5042 [2809
| Total C | 10000 | 10000

.218
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" EXPERIMENTAL DATA FOR Rty Al

SAMPLE: Ruy 2Al,;, (1200°C for 312 hours)

SPECTRUM: RuAl, matrix (semi-quantitative)

ELEMENT | RELATIVEK | WI'% | ATOMIC% |
Al 0.185% 3126 68.94

Ru 05020 62.56 30.90

Mn 0.0006 0.07 | 007

Fe | 0.0010 011 oo

SPECTRUM: Al-tich solid lining cavities (semi~uantiative)

ELEMENT | RELATIVEK | WT% | ATOMIC %
Al 1 0.9691 98,27 | 99.51

Ru 0.0057 164 | 044

Mn 0.0002 002|001

Fe 0.0007 008 | 004

Total 10060 | 190,00

SPECTRUM: Small inclusion (ssmi-quantitative)

ELEMENT | RELATIVEK | WT % | ATOMIC %
Al 0.1083 - 24.81 55.84

Ru 0.5926 69.65 40,34

Mn 0.0078 0.91 0.97

Pe 0.0421 462 | 485
' Total 10000 | 100.00
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SCAN 2: 1300°C to 1480°C - Nitrogen flow 100mUminute,

440 e _
] _ 1418, 10°C
- 4as3, 48°8 3, TogmgKY
0.5+ 0.0866E CHmin . :
w 907 1362, 80°C
B “, 424770
1] S .
= LR
5 .
J .
o1, 0
g L.
LIY-L "
: ' Co . 1432, 48°C"
. o : © - -R.4lBC
ﬂa'o — - T - - . . v . r - . ™ - T oy
1300 4330 4340 485D  43H0 - 1400 . 4420 1440 1450 4480
Tampapature ("G . Banergl V4,40 DuPont 2600
SCAN 3:1300°C to 1480°C ~ Static air atmosphere,
1.8 . g : ' hmren . e o ey

.1-0""
“1444.85°0
. 1,560%C
OQE"
0.0+ © 4343,48%

0.2477"

" Tompsraturs Diffsrance {°C)

), B 1384.80"C
° ~0.5688°C
""1.0“;
 -| .
YYaag, aasg
-1,8 - s ot s o gl e e -, 308G !
1300 4380 4340 4380 A5B0 4400 | 24ED | 4440 4480 . 4480

Temparaturs {*C) Baneral vd4,4C DuPont 208

216



IFFERE

SCAN L 60(1°C to 700°C Nitrogan flow IOOthninute.
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'SPECTRUM: RuAl, layer (quanﬁmﬁve)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al | 32.65 046 | 6398
R 63.89 {108 | 36,02
Total 101.54 100.00

- SPECTRUM: RuAl layer (quantitative)

| PLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3291 047 . | 6390
Ru 69.68 109 36,10
"Total 10259 100,00

SPECTRUM: Ru,Al,, matix of third lrycf;(qﬁanti_tagve)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 43.35 0.55 7405
Ru 5692 095 | 2595
TTotal 100.27 100.00

SPECTRUM: Ru,Al,, matrix of third layer (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 43.99 055 {7380
Ru 88.54 097 26.20

100.00

SPECTRUM: Ru,Al,, matrix of third layer (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al | 44,10 0.55 73.86
IR 5846|097 | 2614
| Towt 10258 | 100,00
214
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- $PECTRUM: RuAl core region (quantitative)

ELEMENT | wzxcrrr % | % ERROR | ATOMIC %
Al 18.39 0.34 B3
I Ru §3.20 1.24 | 54.70
Total 10159 100.00
SPECTRUM Ru,Al, layer (quan:itutive) o
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 2597 0.41 5511
Total 105.26 - . 100.00
~ SPECTRUM: Ru,_,Al3 layer (quantitative)
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 21.74 042 - - | 5757
Ry 76.63 1.17 42,43
Il Total 104.37 | 10000
 SPECTRUM: Ru,Al, Inyer (quantitative) __ u
ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 21,84 0.42 | 57.54
Il Ru 7698 117 | 42.46
Total 104.83 100,00
SPECTRUM: RuAl, Inyer (quantitative) o
ELEMENT | WEIGHT % | % ERROR | ATOMIC % |
Al 3290 | 046 63.98
Ru 6897 | 109 36.02
Totl | 10167 | 100,00

a3




~ EXPERIMENTAL DATA FOR RuyiAl

APPENDIX XVIE

SAMPLE: Ruy:Al; (1200°C for 168 houm)
) Semi—qunnutntlve Analyses .
PHASE Arowc-% RUTHENIUM
Ru-rich solid BT
RuAl _ 47 £2
‘Rudl, 32404
~ RuAl 31,0404
__Area in Figure 5.29 = 42,

SPECTRUM* RuAl in unscracked region (quanhtauve)

|| ereMENT wmcm*% % ERROR ATOMIC%
Ru 79.25 1.04 51.73
1 Total 98,99 1 10000

| L= e i

SPECTRUM: RuAl In un-cracked region (quontitative)

BLEMENT | WRIGHT % | % ERROR | ATOMIC %
Al s 034 50.11
Ry 71,58 1.02.  49.80
Total 9837 - 100,00

SPROTRUM: Rual in un-cracked reglon (quantiatve)

T remeNT | WeiGHT % | % BRROR | ATOMIC % |
Al 21,48 034 5156
Ru 175.62 10 4844
Total 9710 | 100.00 -
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- SPECTRUM: Larger dlscrets phase in intsrdendritic regions (quamitativa)
"} ELEMENT | WEIGHT % | % ERROR | ATOMIC %

A 4000  |os2 | 7120
Re | 60.62 100 2880

CTotal | 10067 100.00

SPHCTRUM: Overall coniposition (semi-quartitative)
Y -

BLEMENT | RELATIVE K | WEIGHT % | ATOMIC' % |
Al 01951 38,49 70,04 -

 Zp 00101 1154 | 0483

| Tol | .. 10000 | 10000

-
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SPECTRUM: Ru,Al, matrix

phase (quantitatlye)

ELEMENT | WEIGHT % | % ERROR. | ATOMIC %
Al | 44.26 055 - 7306
Re | 6L17. 1.00 2694
Totl | 10543 100,00
SPECTRUM: Ru,AlLs matcix phase (quantitative)
| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Ru. 60,66 1,00 26,54,
Total 054 100.00

. SPECTRUM: Fine “auiec_t_ic"dike mﬁttui'e (quanﬂtative)

- ELEMENT | WEIGHT % | % BRROR | ATOMIC %
Ry 65.98 106 30,15

Law |

SPECTRUM: Hine "eutectic"like mixture (quantitative)

BLEMENT | WEIGHT % | % BRROR | ATOMIC % |
Al 40,64 0,53 | 69,96 -
Ru 65,38 1.0 30.04
"Total 106,03 100,00

SPECTRUM: Fine "eutsctic"like mixture (quantitative)

ELEMBNT | WHIGHT % | % ERROR | ATOMIC %
Al | 4078 0.53 6997
Ry 85.60 105 30,03
|| Total 106,39 1 100,00




ey

Al 33.46 0.47 6348
fRu 7202 112 36.52

EXPERIMENTAL DATA FOR RuggtAlg+b

SAMPLE: RuygiAly-b (No heat troatmions)

SPECTRUM: Ru,Al, dendrites (quantitative)
SE ar

ELEMENT | WEIGHT % | % ERROR ATOMIC %

W .
tf s e

Al 3500 | 048 1 63.44
Ru Asms {ise | 3656
Totdl | 11087 | 10000 .

T

SPECTRUM: Ru,Al, dendrites (quantitative
it ety

PR

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al . 12403 | 048 63.50 |
Ru 7331 L4 | 8650

Total | 10724 100.00

SPECTRUM: Ru,Al; dendrites (quantitative)

ELEMENT | WEIGHT % | % ERROR ATOMIC % ||

Total 105.58 H0.00

e —

- SPECTRUM: Ru,Al,; matrix phase (quantiiative)

| ELEMENT | WRIGHT % | % ERROR | ATOMIC %
Al 4491 0.56 7337
Ru 6108 | 100 26.63
Total 105.99 100.00
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SPECTRUM RuAlL matrix in two-phase region (quantitaﬂve)

ELEMENT | WEIGHT % | % ERROR ATOMIC %
AL 32.08 046 [N A
Totd | 99,19 - 100.00.

SPECTRUM: RuAl, matrix in two-phase region (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

1 A1 31.95 lo4 | a2

Re 61.29 107 35,98
99.25 -

Total

SPECTRUM Annlysis of RuAl showmg implmtiev in alloy {senu—quanutative)

BLEMENT | RELATIVE K | WEIGHT % | ATOMIC %
Al 1 0.0036 2,10 - . | 4077
Ru 06676 7721 48,42
st - 0.0019 0.44 098
Fe 0.0013 0.14 0.16

P2 0.0072 0.96 0.67
Total S | 100,00

o

el -




* SPECTRUM: Small RuAl region (quantitative)

| BLEMENT | WEIGHT % | % ERROR | ATOMIC %

L D R 0,33 4494
Re | 7962 120 | 5506
Totl | 9696 - 100.00

SPECTRUM: Small RuAl region (quantitative) -

BLEMENT | WEIGHT % | % ERROR '| ATOMIC %
Al 1810 [ 034 46,85

Ru 17692 SR/ 5315
Towl | 95.01 100,00 :

SPECTRUM: Discrete Ru,Al, phase in two-phass roglon (quandative)

| ELMMENT | WEIGHT % | % BRROR | ATOMIC %
I AL 25,84 e4r . | 5877

I Ru 13,74 1,13 4323
I ot | 9957 o 100.00

SPECTRUM: Discrets RuAly phase in two-phase region {quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 2562 040 5722
I Total 97.41 100,00
SPECTRUM: Discrete Ru,Al, phase in two-phase region (quantitative)
| SLEMENT | WEIGHT % | % ERROR | ATOMIC% |
Al ] 25.87 0,41 5112
Ru 41.03 110 42,28
Total 86,91 | | 100.00
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SPECTRUM RuAl, matrix phase (quanﬂtatwe)

| ELEMENT | WRIGHT % | % ERROR A’I‘DMIC%
Al 31,95 046 630
Ru. 70,01 110 ]3690
| 10197 | 100,00

~ ) Total

SPECTRUM: RuAl, matrix phass (quantitative)

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al - 32,14 - | 046 63,24

i Ru 7000, 1110 w6719
Total 10223 - | 10000

saps

SPECTRUM: Thin network (semi-quantitative)

ELEMENT | RELATIVEK | WEIGHT % | ATOMIC %
Al 0.1374. 2748 5172
Zr 0,1956 26,90 1671
Ru 02635 45.61 25,57
Total | 100,00 - 100.00

_' SPECTRUM: Overall composition {(quantitative)

ELEMENT | WEIGHT % | % BRROR A’FOMIC % |
Al | 2094 044 | 6L34
Ru 70,69 L0 38,66
Total 100.63 100,00

SANMFLE: Ru,,,Al“-mn (I300°C for 6.5 hom, 1100"0 for 65,5 hours)
SPECTRUM: Small RuAl reglon (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
ii Al 19,10 | 035 4798
Ru 77.68 1.3 | 52.05
Totul 9677 : | 10000

LI




EXPERIMENTAL DATA FOR R :Algam

- SAMPLE: Ruy: Ah,-am (Arc-multed) '
SFECTRUM: Ru,Al, dendsitic phase (quantitaﬂvc)
ELEMENT WEIGHT % | % BRROR | A’IOM_IC %
Al T T | 2410 039 |57z
It Bu 71,79 1.18 46,28

SPBCTRIJM RugA]g dendnnc thase (quantitative)

ATOMIC %

| BLEMENT | WRIGHT % | % ERROR

tar 2393 | 039 5342
Ru 78,19 | 118 46,58
Iotal 10212 10000 -

' SPECTRUM Ru,Alg dendritic phase (quantitative)

101,79

ELEMENT WEIGHT % | % BRROR ATOMIC %
4 Ru 78.17 1.18 46.90
i Totet 100,00

SPECTRUM: RuAl, mutrix phass (quantiative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
141 | 3184 0.46 | 63.67
Ru 68.08 107 3633
“Total 99.92 10000
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~ - SPECTRUM; Ru,Al,, matrix phase (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 4562 052 | 7505
Ra 56,84 083 2495
Total - | 10246 | 10000. -

© SPECTRUM: Small RuAl atca (quantitative)

ATOMIC %

ELEMENT | WEIGHT % | % ERROR
I a1 1896 | 035 | 4662
s Ry B35 1.22 53.38
Totsl | 10031 | 100,00

SPECTRUM: Small RuAl wea (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC % _
Al 18.83 0.35 | 4617
Ra |82 123 53.83
 “Total wL0s | 10000
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SPECTRUM: RuAlg dendritic phaSe (quanntative)

ELEMENT | WEIGHT % | % ERROR ATOMIC %_
Al 3306 - | 043 64.17 |
Ru 60.17 = 1005 | 35.83
Tow' | 10223 '- 100.00

' SPECTRUM RuAl, dendritc phase (quanutaiwe)

ELEMENT | WEIGKET % | % ERROR A‘I‘OMIC%
Al {3336 043 | 6413
Ru | 6993 096 | 3587
Tol | 10329 | 1000

SPRCTRUM: RuAl, dendritic phase (quantitative)

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 3334|043 - |ed27
Ru - 69.45 095  |3573
Total 102,79 100,00

SPECTRUM: Ru,Al; mam:: phase (quanﬁtanve)

ATOMIC %

Total

102,71

EI..EMENT WEIGHT % | % ERROR

Al - 561 1052 {7501

Rll 5?004 0-83 24?99 ’
: 100.00

SPECTRUM: Ru,Al,, matrix phase (quantitative)

| BLEMENT | WEIGHT % % BRROR ATOMIC %
Al 45.65 0.52. 7495
Ru 51,17 084  |2505
Total 10283 | 100.00
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" EXPERIMENTAL DATA FOR. Ruy:Alg-a

 SAMPLE: Ru,:fl-a (No heat wreatment)

Semi-quantitative Analyses

~ ATOMIC % RUTHENTUM

Ru Al

R,

30,55 & 0.03

SPECTRUM: Overall compogition (somi-quantitative)

WT' %

ATOMIC %

Al
Ru

02054
247124

40,14 -

| 59.86

100,00

71,53
23847

| Fomt

100,00

SPECTRUM: Overall composition (semi-quantitative)

RELATIVE K

WT %

1 ATOMIC %

Al
Ru

| Total

0.2069
04702

40,36
59,64
100.00

' 71'.71 '

2829
100.00

SPECTRUM: Overall composition (semi-guantitative)

RELATIVE K

WT %

_ATOMIC %

- Al
Ru
Total

0.2103
04652

40,83
50.17

72,11
27.89
100.00

| 10000
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© SPECTRUM: Small inclusions (quantitative)

Total

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 19.22 0.35 4881
Ru 7555 | L15 51.19
oamr

100.00




POSITION | - | PHAX HEIGHT | % HF.
Ldeg) (om) S
1| 13.649 029844 3091 100.0
2| 14338 028417 _ 266 8.6
3 16250 0.25092 ~ 104 34
4 19.247 . | 021213 701 22.1
L5 123699 | 017270 139 45
6 .| 21459 | = 044942 3012 _ 97.4
1 30.788 0,13359 1409 45.6
8 | 31805 0,13026 18 28
L.._9 33817 012193 m 25,1
10| 38210 0.10835 42 14 |
1 41.697 0.09964 448 145
12 41,897 009919 | 247 80 |
13 _44,020 009463 2412 780
14 44.266 000413 1285 416
15 46.331 0.09015 _976 81.6
16 46610 _0.08964 517 1673
17 48.553 |  0.08625 91 2.9
18 52762 0,07081 97 31
19 56637 | 007476 514 16.4
20 57,009 _0.07431 260 8.4
21 | 583560 007251 409 132
22 58.960 0.07206 225 13
23 60,435 0.07044 178 58
24| 60822 0.07006 113 37,
25 64,059 0.06687 1261 40.8
26 | 64483 0.06647 645 09|




IMAGE ANALYRIS:

Magnification . 435X
. #Fields 8
- Areq fraction of secondary phase - 1803%
Min. - ' _ S 2p82%
‘Std. deviation. ' o 1.345%
_ ' 0.??67%_

’I‘harcfora. according to the phass diagmn“’ the ovarsll omnposition of the tw::-phnse outer
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SPECTRUM: Hutectic aren of t_ﬁo-phnse region (quantitative)

ELEMENT | WRIGHT % | % BRROR ATOMIC %
Al 697 0,23 268
Ru 89.30 1.31 7138
Total 9625 100,00

SEB'CI‘RUM:'Eutecﬁ:c area of two-phase region (quantitative)

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
A {79 0.24 2494 '
Ru | s 132 75.06

from o | 100,00

© SPECTRUM: Eutectic eren of two-phase region (quantitative)

| ELEMENT | WEIGHT % | % ERROR | ATOMIC %
A 199 0.24 2506
Ru | 8948 131 4.94
Towd | 9747 100.00

 SPHCTRUM; RuAL in cental region (qontimsive)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 1952 0.35 482
Ru 78,32 119 5171
Total 97,84 100,00

SPECTRUM: Rua’ in contral region (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 1950 | 035 48,17
Ru 78,61 120 51.83
Toml | 9B 100.00
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. o |  APPENDIX XVIE
EXPERIMENTAL DATA FOR Ru,tAlg | e

 SAMPLE: RujpiAly, (1200°C for 2 hours)

Sumiuquantitatlvn Analyses
. PHASE ATOMIC % RUTHENIUM
Rurichsolid 7546
_RuAl (2-phaso reg'lon) 1 wmozxo3
Rudlinglephase) | 465404 |

[Lom e Ao

SPECTRUM: RuAl grains in two-phase region (quantitative)
| BLEMENT | WEIGHT % | % ERROR | ATOMIC % |

A |84 034 | 4614
Ra | 8057 . 122 53,86

Total 98.99 1 10000

SPECTRUM; RuAl grains in two-phose rugion (quantitative)
e 7 " - -—rm‘&:‘lﬂ
ELEMENT | W.IGHT % | % ERROR | ATOMIC %

Al 1824 0.34 | 4608
Ru 79,99 121 R
- Totl 98.23 100,00

T vt T ——
— et

SPECTRUM: RuAi groins in v#o-phnsa region (quanﬂtativﬁ)
ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al {1128 | 0.33 4499
Ru 18,94 120 55.01

Totwl | 96,17 S 100.00
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SPECTRUM: Discrets RuAl phase (somi-quantitative)

ELEMENT | RELATIVEK | Wi @ | ATOMIC %
Al 0.1082 2406 | 5367

si |ooo  |os6 |10

Fo 0.0049 054 | 038

Re | 06452 7285 | 4456
Total . | 10000 | 10000




SPECTRUM: Ru,Al; matrix (smi-qoantitative)

| RLEMENT | RELATIVEK | WT % | ATOMIC %
Al | 0.1415 2996 | 6L15
8 0,0019 048 {094
Fe 0.0005 005 0.05
fRe {05798 | 6958 | 37.86
 Total - | 10000 | 10000

SPECTRUM RuAl, matrix (senu—quannmnve)

ELEMENT RBLATIVE K WT % ATQM[C %
It 8 00025 : 0.61 120

Fo - 00011 012 0.12

Re  |05827 | 6976 | 3817

Total 1 100.00 | 100,00

' SPECTRUM: Discrete Rual phase (somi-quantitasive)

- b Al

ELEMENT | RELATIVEX | WI % | ATOMIC %
0.1082 2410 | 5379
Si 00018 042 | 091
e 0.0064 071 {077
R | 0.6446 4T | 4453
| "Totat | 10000 | 100,00

SPECTRUM: Discrete RuAl phaso (semi-quantitative)

BLEMENT | RELATIVEK | WI'% | ATOMIC %
Al 0.1080 24.01 53.58
S 0.0025 | 0.58 125
Fe 0.0049 0.55 0.59

] Ru 0.6454 74,87 44,59
Total B 100,00

1 100,00
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SPECTRUM: Ru-rich solid in ¢ntectic (senﬁ-quanﬁtnﬂve)

ELEMENT | RELATIVEK | WT % ATOMIC %
Al 0066 . L72 6.10

S 0.0019 035 | L21

Ru 0.9690 9781 | 92.50

Total 100,00 | 100.00

SPECTRUM: Ru-rich solid in sutectic (mnﬂ-quanﬁmﬁve)

| ELEMENT | RELATIVEK (WT'% | ATOMIC %
Al 0.0115 297 10.20 -
Si 0.0020 - 0.38 125
Fe 0.0009 0.10 017 -
Ru 0.9504 96,55 88.38 -
Totul 10000 | 100.00

SPECTRUM: Ru-sich solid in emctic (semi-quantitative)
i e .

ELEMENT | RELATIVEK. | Wr'% | aATomic %
Al 0.0087 2.26 793
§i 100000 - |017 0.58

1 Fe 0.0001 0.01 0.02
Ru 0.9654 9156 | 9146
Total ' 10000 | 100.00

SPECTRUM: RuAly matrix (somi~quantitative) -

ELEMENT | RELATIVEK | WI'% | ATOMIC %
Al 0.1417 30,01 61.25
S 0.0017 0,42 0,83
Fs 00006 | 007 0.07

- 'R 0.5796 69,49 37.85

: LTotnl © 110000 | 100,00
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SAMPLE: Ruy:Al, (1200°C for 840 hours)
SPECTRUM: Uncracked RuAl bands (semi-quantitative)-

ELEMENT | RELATIVEK | WT % | ATOMIC %
Al |00%06 - |2063 | 4894

si | 00020 | 045 | 102

Fe | 00012 014 045

I Ru : 0.6946 78.19 49,85

SPECTRUM: Uncracked RuAl bands (semi-quantitative)
cked RuAl bands

ELEMENT | RELATIVEK | WI'% | ATOMIC %
Al - 0.0946 121,39 50,02
‘Fo - - | 0.0010 011 (012
lee | oses 7796 | 4865
Total ) | 10000 | 100,00

'SPECTRUM: Uncracked RuAl bands (ssmi-quantitative)

ELEMENT | RELATIVEK | WI'% | ATOMIC %
Al 00970, {2190 {5091 .
8 0.0015 0.35 079 . .
[ 0.6798 17163 | 48.17
Total 10000 ] 100.00

SPECTRUM: Uncrasked RuAl'bands (semi~quantitative)

ELEMENT | RELATIVEK | WT% | ATOMIC% |
Al ' 0,0945 2137 | 4985

$i | 00031 0.69 155

P 0.0012 014 |05

Ru 0.6816 7181 | 4844
Total | | 10000 | 10000
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X-RAY DIFFRACTION PATTERN OF RuytAly (1200°C for 168 hours) CONTINUED.

NUMEBER | 2 THETA | d (nm) CPS | INTENSITY(%)
30§ 35583 | 011606 | 24370 | 2316
31| 37516 | 0104 | 12948 | 1230
42 | 3681 | 010708 7oL | 675
33| 39328 | 0.0538 2790 265
34| 40461 | 030255 16592, 1. __ 1378

35 | 42766 0.00836 1 4420 4.20.

36 - | #3180 [ 0.09637 1820 {173

37 | 44023 | 00944l | 3147 | 296
38 | 45200 | 000200 | - 4649 | 442
39 | 46508 | 008982 | 5501 523
40 | 41457 | 008812 | 1252 | . 119
41 48379 | 0.08634 28.44 270
49 | 49304 | (008502 | 1140 108
A3 | 80303 008348 | 855 | . 034
M 51138 008216 | 16,74 159
45 | 52,700 007989 %473 1 330
46 |- 5363 | 007925 | 6331 6.02
47 53950 | 00818 | 2318 2,39
48 55.896 007566 1 1386 1,32
49 | 56836 | 00745 24,06 2.29
50_ 58802 | 007213 39.43 375 .
51| 60200 | 0.07082 2531 241
52 60550 | 007034 | - 1249 L19



X-RAY DIFFRACTION PATTERN OF Ruy:Al, (1200°C for 168 hours):

239

NUMBER | 2 THETA | __d (om) CPS INTENSITY(%)

1 5750 | 0.70701 365,57 34.74
2 6.330., .. 064534 628.91 59.76

3 1,200 0.56476 971,82 9235
4 7.634 0.53269 1052.33 100,06

5 3,072, 0,50384 1020.63 96,99

6 8,750 0.46486 871.93 82.86

i 9.250 0.43978 675.96 64,23

8 10,864 1 0.37461 396.40 37.67

9 13.806 0.29503 147.56 14,02

10 15444 | 026392 320 0.30

11 17197 023718 63.19 6.00

12 111,148 0.22:485 . 81.58 7.15

13 _18.800 021712 29.46 2.80

14 19.300 0.21155 109.19 10.38

15 19,704 | - 0.20725 180.48 17.15

16 20,250 0.20172 53.95 5,13

17 22,501 0.18176 287.03 27.28

18 23729 0,17248 13,44 128

19 25.451 0,16098 25.55 2,43

20 27.000 0.15190 25.95 2.47

21 21.619 0.14856 | 14500 13.78

22 28.564 | 014375 | 8805 8,37

23 20383 | - 0,13982 142,08 13,50

24 30200 | - 0,13613 22.74 216

25 30.818 | 0.13346 143,82 1367
26 11,650 0.13004 2,85 0.27 )
27 32.302 0,12748 101.02 9,60

28 33,572 0.12279 114,25 10.86

2 35000 1 01793 1 022 k0T



SPECTRUM: Ru,Al, layer (quantitative)

BLEMENT | WEIGHT % | % I'RROR | ATOMIC %

Al 2692 0.39 58.88

Ru 7047 0.96 41.12

Total 97.3¢ 100.00
SPECTRUM: Ru,Al, layer (quantitétive)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %

Al 26.84 0.39 58.24

Ru 7212 098 41,76

Total 98.96 100.00
SPECTRUM: RuAl, layer {quantitative)

ELEMENT } WEIGHT % | % ERROR | ATOMIC %

Al 2693 039  |5802

Ru 73.00 0.98 41,98

Total - 99.94 100.00
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SPECTRUM: RuAl in un-cracked region (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 20.56 034 | 5038
Ru 75.87 |10t 49,62
Total 96.43 | 100.00

SPECTRUM: RuAl in un-cracked region (quantitative)

FLEMENT | WEIGHT % | % ERROR | ATOMIC % |
AL | 1998 033 14876
Ru 7870 | 104 51,24
Total 98.69 100.00

- SPECTRUM: RuAl, matrix in cracked region- (quantitative)

Total

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 33,25 0.43 65.84
Ru 64.64 0,90 34,16

| 97.90 100,00

SPECTRUM: RuAl, matrix in cracked region (quantitative)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
Al | 33,13 0,43 65,31

Ru 65.95 0.92 34,69

"Total 59,08 100.00

SPECTRUM: RuAl, matrlx, in crucked region (quantitative)

ELEMENT | WRIGHT % | % ERRGR,_| ATOMIC % "
Al 33.12 0.43 64,84

1 ru 6730 0.93 35,16
Toial 100.42 100.00
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'DATA CARD: RuAl, Caleulated Card

* CRYSTAL STRUCTURE: Hexagonal
LATTICE PARAMETERS: 8 = 0481 i, ¢ = 0784
d {am) - | Intensity | akl
041716 R 5 N 100
- 0.39252 R 4 002
036816 | 0 f . 101
028584 | 06 102
0.24076 339 210
0.22166 | 247 | 103
02025 | 138 - |- 213
0.20155 R 201
0.19621 Y 004
018412 33.4 202
017 | 09 | - 104
0.16309 ' 11 | 203
048762 - | 06 310
o oasm | 154 L a1
| oasa2 s 214
- 0,14628 10 312
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hkl

0.12481

- d (nm) Intensity
016259 3 420
0.16159 8 314
0.15726 ' 025
0.15434 . 5 332
0.15309- 6 124
0,15281 - 1 422
0,14934 3 006
014810 9 241
014601 - 3 510
0.14364 1 404
014278 § 423
0,14230 7 242
0.14212 5 315
013872 5 206
013627 3 1335
0.13416 4 243
013229 5 044
0.13159 4 424
013124 3 513
012776 8 226
0.12579 6 316
4 600
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DATA CARD: RuAl, JCPDS Card 30-35
CRYSTAL STRUCTURR: Orthorthombis '
- LATTICE PARAME{ERS: 2 = 0, ‘?4886 am, b= 0 65563 fim, ¢ = 0 89610

258 -

- d {nm) Intenmty nkl
0.49295 100 110
0,44303 4 002
043206 16 111
037418 2% 200
033166 66 112
0327183 ) 020
0,30786 8 021
0.28734 24 - 202

- 0.25546 5 113
0,24663 12 220
023329 2 310
022576 2 311
0.22404 2 004
022078 21 023
021603 63 222
0.20980 - 30 130
0,20688 66 312
0,20396 55 114

- 0.19013 13 223
0.18719 7 400
0.18497 9 024
018385 2 313
0.17276 5 402
0,17168 4 133
0.16582 9 224
0.16440 1 330
0.16302 2 040




DATA CARD: Ru,Aly JCPDS Card 18-56
CRYSTAL STRUCTURE: Monoclinic -
LATTICE PARAMETERS: 1 = 15362 pm, b = 0.8188 am, ¢ = 1.2736 nm, = 107.8°

dm) | Towenshy ~ hkl
0.72 S 10 110
0.663 ) o 111
0.582 1 a0 111
0568 5 201
0.565 | 0 |- 202
0415 | 8 202

g4z 80 203
0410 50 020

0404 o 003
0,397 | s6 ! 401
0388 | 10 |- el
0.378. g 400
0376 o 80 ' 402
0,360 I w0 220
0.339 S 80 a2
0.332 1 100 I 221

0318 T 203
0.317 T 204
0303 | 10 | 004
02915 o 222

.. 0296 | 10 223
- 0.2875 - 10 o 023
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DATA CARD: RuAl, JCPDS Card 19-45 -

CRYSTAL STRUCTURE: Orthorhombie
-~ LATTICE PARAMETERS: 1 = 0,8012 um, b = 04717 nm.c=08785nm
dnmy - Intensity _ hkl

0369 0 - w0 111

0.296 60 - | 202

02376 50 1 113

02247 | 100 IR

02197 60 : 004
020 | 00 n22
02038 | - s | - 220
 0.4003 | | 20 ) 400
0.18206 S 80 813

016130 10 115

0.15108 L | 151

014951 0 511

0.14917 50 224

" (.14801 20 _ 404
0.14421 | 50 | 422

0.14017 . 50 318
0.13753 - 0 - | 206

T 013651 10 b 133
013470 - 0 - 513

013392 5 {331
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DATA CARD: RuAl JCPDS Curd 29-1404

CRYSTAL STRUCTURE; Cublc
LATTICE PARAMETERS; 8 = 0.295 nm _
" d (um) Intensity hkl
0.295 55 100
0.2086 100 110
0.1703 - 10 111
0.1475 15 200
0.1319 0 210
01204 25 211
0.1043 10 220
000833 5 300
0.09330 10 310
0.08895 5 311
0.08516 5 222
0.08182 5 320
N - 0.07884 25 321
DATA CARD: Ru;Aly JCPDS Card 19-46
CRYSTAL STRUCTURE: Tetragonial
LATTICE PARAM’TERS' & = 0.3079 nm, ¢ = 1,433 nm
d (am) - Intensity hkl
015 20 0602
0,358 50 004
0,301 30 101
0,2588 50 103
02177 90 110
02008 100 105
01861 50 114
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'DATA CARD: Ru JCPDS Card 6-663
CRYSTAL STRUCTURE: Hexagonal
 LATTICE PARAMETERS: & = 0.27038 um, ¢ = 0 42819 um

i

d (um)  Intensty nkl
02343 Y 100
02142 35 002
0.2056 100 101
| 0,15808 25 102
0.13530 25 110
0.12189 25 103
0,11715 6 200
01143 25 112
011299 0 201
0.10705 4 004
010278 8 209
0.09738 6 104
 0.09056 16 203
0.08857 6 210
0,08673 25 211
0,08305 - 18 114
008185 10 212
0.08043 16 108
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~ APPENDIX XX

JCPDS LATTICE DATA CARDS
DATA CARD: Al JCPDS Card 4-787
CRYSTAL STRUCTURE: Cubic |
LATTICE PARAMETERS: a = 0,40494 nm -
o dam) Intensity hkl
02338 100 111
0.2024 s 4y 200
10,1431 R 22 220
0:1221 | 24 311
01169 7 222
©(.10124 2 400
© 0.09289 8 331
0.09053 8 420
0.08266 8 422

2




POSITION |- d PEAK HEIGHT
_{dog) __(om) S
1 12,394 0,32853 624 18,5 .
2 13.654 020833 1310 38.8
_3 17448 0.23381 __252 75 .
4 19337 021116 2271 673 |
5 19.911 020513 - 314 93
X 23714 0.17259 325 _ 9.6
7 25,061 0.16345 B L7
8 27,410 0.14968 860 _ 2558
9 28.377 0,14468 _5 17
10 20,053 0.14138 51 L5
1 30.669 _0.13410 784 | 217
12 30,825 013344 | 576 VA
13 33.828 0.12180 2814 834
14 94730 0.11882 108 32
15 30254 | . -0,10558 a1 63
16 40,514 0.10242 96 2.8
17 1 41740 0.09955 3375 1000
18 44,157 009435 219 6.5
15 44.325 009401 146 43
20 48,575 0.08622 183 54
21 48.825 0,08580 135 4,0
22 50,663 0.08289 174 52
23 51,008 0.08236 138 4.1
24 52,714 0.07988 3184 94.3
25 53,057 0.07940 1502 44.5
26 55664 |~ 0.07596 62 L8
2 58.557 _0.07251 115 34
28 58037 | 0.07209 YA 2.2
o 60,053 0.07087_ 53 1.6
63.176 0,06770 4 14|

T
) o
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 Sample o " Rugély

Magnification - 230X
# Hlelds ' _ 30
Aren fraction of secondary phnse 6.686%
Max, - | _
Min, _ ' - 8,150% .
Std. dr:’viation ) 5.424%

' _ L -0 5553%

 Thetefore, accordmg to the phase diagmm“‘ the overall mmposxﬁon of thc two-phase outer -'-\
region is RugiAl,. _ : \\*

251



'SPECTRUM: Eutectic area of two-phase reglon (quantitative) -

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
I A 698 (022 | 2308

Ru 8732 111 11695

| Toul 94,30 - 100.00

o SPECTRUM Eutecﬁc aren of two-phase region (quanﬂtauve)

WEIGHT % % ERROR | ATOMIC %

687  |ox | 2196
R | 01,55 | 1.16 78.04
Total | 9842 100.00

SPECTRUM; RuAl in coteal region (quanutntive)

ELEMENT | WEIGHT % | % ERROR A’I‘OMC %
Al 18.26 032 14508
Ru 80.38 105 54.02

Total

98.64

: SPECI'R'[JM RuAl in central region (quantitative)

ATOMIC %

Total

{ ELEMENT | WEIGHT % | % ERROR
Al 18.66 - 032 . | 4681
Ru 7945 1.04 53.19

98.11 - 100.00
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N APPENDIX XIX -
EXPERIMENTAL DATA FOR Rug:Al, o

o YEB

SAMPLE: RugAly, (1200°C for z houzs)
_ Senu-qunnutative Analyses _ : _
 PHASE A'IDM!C % RUTHENIUM
 Ru-tich solid k2
'RuAl (2-phase region) 48,107
' 46603

RuAl (single?phasa)_

SPRCTRUM: KuAl grains in two-phuse region (quantimtive) _

BLEMENT | WEIGHT % | % ERROR | ATOMIC %
Al 1858 | 032 | 4645
Ru 8028 | 105 53,55

Total 98.86 - 100.00

' SPECTRU‘M. RuAl gmins in two-phase region (quantxtauvs)

ELEMENT | WEIGHT % | % ERROR | ATOMIC %
I a 17.83 031 45.50

Ru - 0.0 | 105 54.50
Total 97.85 100,00

- SPECTRUM: RuAl graing in two-phase region (quantitative)

FLEMENT | WEIGHT % | % ERROR | ATOMIC %

Al 18.28 0.32 14616

Ru 79,88 105 53.84
98,16 100,00

Tatal _
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Amorphous Materials", 2nd ed, John Wiley and Sons Tnc., (1974)
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