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I. INTHODUCTION

With the advent of atomic power, which is often conceived as
being furnished by a metal furnaece burning metal fuel, a major surge
of renewed interest has been experienced in physical metallurgy.
Although there sre msny instences where an alloy system has been
investigated purely out of academic interest, research on metsls and
alloys is enhanced by & commercial need for useful materials, Accord-
ingly, the metallurgical literature of the first half of this century
is dominated by alloys of such metals as iron, copper and aluminum,
However, the index of usefulness for power generating meteriels must
now include nuclesr as well as other properties; snd so the current
literature has been infiltreted with alloys of such lahoratory curie
ogities &s zirconium, vanadium, thorium and uranium, Titenium and
niobium have also essumed sdded significance.

The physical and chemicel properties of an allay are hardly pree
dictable from the nature of the pure components, This has necessarily
led to the sccumulation of large smounts of data in the trial and
error search for desirable materials. However from nuclesr considera-
tiong, it is strictly true that an alloy is no better or worse than
the sum of its components since alloying or chemical combination will
not affect the nuclesr properties of the elements involved., Hence, a
list of promising slloys cén be quickly compiled from a nuclear view-

point, and the systems may be then eliminated one by one when experi-



mentation hag shown that there is little hope of improving upon the
physical and chemicael properties of the parent metals,

Phase disgrems sre useful in summarizing some of the data col-
lected in the search for new and better alloys and can even serve as
g rough guide for their treatment and behavior., Most of the phase
diagrams of the promising binary systems of light metals have been
thoroughly investigated with the exception of the aluminume-vanadium
system. This is rather surprising in view of the elementary propere
ties of these two metals.

Of all the commercially importent metals which entered the atomic
era, only aluminum has been extensively employed in the internal
structure of atomic reactors. The physical properties of aluminum are
well knownj; but in sddition to these, it hes a low cepture cross sec=
tion for thermal neutrons (1) and also for fission neutrons (2),

Then too, venadium is an excellent structural msterial for fsast
reactors (3). Ité high melting point, ease of fabricetion, and duc=
tility might be sufficient recommendation; but, what is more signifi-
caﬁt, vanadium has an absorption cross-section of about 2.2 millibdarns
for effective energy neutrons of 1 mev: the lowest cross-section of

sny metal in the first transition series®, The ductility of vansdium

8Correspondingly, Mg has 0,60 millibarns and Al has O.LO milli-
barns. Be is considered to be too brittle for general use, end Al
is the last structural metsl to have 2 harmful moderating effect
which diminishes with increasing stomic welght. Hence, aluminum
end vanadium suggest en alloy of highest tolerable moderating effect
and lowest possible croass-section (fast neutrons) of all the light
metala,



is such that the pure metal can be formed into bars, sheets, wires
and rods with existing techniques; in addition, it hes an elastic
modulus-density ratio practically equivalent to that for steel (L).
Finally, the abundance of vanedium in the earth's crust is equsal to
- that of copper, zinc and lead combined (5).

Therefore, it would sppesr highly profitsble to investigete the
phaese relstions of the aluminumw-vanadium system paying particular
attention to those alloys which appear to have some significence for

the stomic energy program,



II. REVIEW OF THE LITERATURE

A. Historical Survey

1. HMetallography

The litersture dealing with the sluminumevanadium system is
meager end contradictory. In order to evaluate the reported results,
it i3 necessary to refer to & table of the theoretical compositions
-of possible intermetallic compounds as shown in Taeble 1. The
system is by no means this complicated, but most of these formulas
heve & literary existence or an snalogue in & similar system end
hence will be mentioned occasionally below,

In 1902, Matignon and Monnet (6) studied the grain-refining
effect of venadium upon aluminume~copper slloysj; it was mentioned in
passing that a residue was isolated by chemical means from an
aluminum~vanadium alloy containing 76.9 per cent vanadium. This
residue had epproximately the composition ALV but the detsils of
this work are not available.

About ten yesrs later, Czako (7) investigated a series of
aelloys which were prepered by the alumino-thermic reduction of vane-
dium pentoxide. He found that alloys containing less than 10 per
cent vanadium (by weight) were malleshle. The hardneas rapidly
increases (20 to 29 per cent vanadium alloys could be pulverized

easily) end resches & mexinmum at about 53 per cent venadium,



With the eddition of still more vanadium, the alloys bhecome softer
and the polished sections bhecome free of the troublesome cavities

encountered with the high sluminum alloys.

Table 1. Theoretical Phese Composition

Formulee Wt. per cent venadium

A,V | 14,65
Al?v 21,23
ALY 23.94
6
Kgv 27.h1
Aluv 32,08
ALY 38.62
Algvh | 15.55
Mgy 54425
AlBVQ 55.73
A17V6 61.72
Aly 65.40
AV, 79.10

Czako reported further th:t en alloy contelning 1 per cent by
welght of vanadium in aluminum, contained cryatals of an intermediste
aluminum-vanadium phase, the asmount of which incressed with increasing

vanadium content until the 3.5 per cent venadium alloy consisted



almost entirely of this new phase., By treatment of this last men-
tioned alloy end also & 30 per cent venadium alloy with dilute
hydrochloric escid, crystals conteining 37.9 per cent vansdium were
isolated. An salloy of 53 per cent vanadium also proved to be
microscopically homogeneous with a second intermediste phase. From
an elloy of 58,3 per cent vanedium, smell crystals with 6L.8 per
cent vanadium could be isolated. And finally, the alloy contain-
ing 79.3 per cent venadium was slso & single phese which Czako
suggested was AlV,,

Schirmeister (8) studied the technically important effects of
the addition of some twenty metals, including vsnadium,to commer-
cial sluwninum. It wes reported that en sttempt was mede to measure
the hardness of these various alloys, but the original article is
not available for exemination. However, the work of Czeko and Schir-
meister was incorporated by Corson (9) into the probsble phase dis-
gram shown in Figure 1, Then too, Fuss (10) reviewed the work of
Schirmeister and quoted him as saying that the 3 per cent vanadium
alloy does not shrink or pipe and that alloys contsining more than
3 per cent vanadium swell on freeszing. Schirmeister found it quite
difficult to slloy eluminum with vanadiumy this experience was cone
firmed by Fuss and also by the present work., In testing the physical
properties of his commercisl sluminum-venadium alloys, Schirmeister
employed a 2 per cent vanadium sheet which was annealed at 300-350°C;

he reported a tensile strength of 17,000 to 18,500 p.s.i. with an



elongation of 27-28 per cent snd a Brinell hsrdness of 135,

In his supplementery investigstion, Fuss (10, p. 152) found
that the microstructures of sluminum-vansdium elloys were similer
to aluminumeiron, aluminum-mengenese, and aluminum~molybdenum
8lloys., Vanadium showed no spparent solid solubility in alumi-
num and 2 entectic was found to exist in the system.

The solid solubllity limit has been obtained by an unknown
worker {11) who measured the conductivity of aluminum containing
small amounts of venadium. An ebstract of a research memorandum
from the A.F,C. (French Aluminum Company) shows that vensdium lowers
the conductivity of aluminum, the effect being proportional to the
amount of venedium up to 0.65 per cent vansdium by weight which is
the solid solubility limit. Unfortunately, no hest~trestment data
are avallable,

Roth (12) mede e thorough study of the solid solubility of
vanedium in sluminum by employing lattice constent messurements and
conductivity deta (Figures 2 and 3). He found the solubility limit
to be 0,37 weight per cent vanedium at 630°C, end this value remained
unchanged at 500, 350, and 200°C., His slloys were prepsred by melt-
ing pure eluminum end a2 2.5 per cent master alloy in grsphitej the
alloys thus prepered contsined as impurities 2 meximum of 0.006 per
cent iron and 0.005 per cent silicon.

The compound Alav was found to have a tetragonal type of crystal

structure and the lattice constants were measured by Brauer (13).
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The alloys were prepered by the reduction of vanadium pentoxide
with pure gluminum in cryolyte under asrgon. The crystals were
separated from an alloy containing 10 per cent vanadium by slowly
dissolving the elloy in dilute, warm hydrochloric acid. The
crystals so obtained analyzed to give 36.5 per cent vansdium,
Mondolfo (1)) published no experimental data but did show a
micrograph of & commercial aluminum-vanadium master alloy which conw
tained 2.k per cent vanadium, 0.L2 per cent silicon and 0,56 per
ecent iron., In this pileture, he identified five phases as: Aljv,

ALV, A9V, (Al-Fe-3i), end aluminum solid solution. This would
indicste that the lowevansdium portion of the system resembled the
sluminum~-chromium or aluminum-mangenese system, but he did not indi-
cate the extent of his experimental work,

2. Commerclsl spplications

There have been & few commercial applications of aluminumevana-
dium alloys. Investigation by Clark (15) into the effect of vana-
dium in ceusing resisisnce to fatigue, increased elongation, and
improved homogeneity in the non~ferrous field has shown that 2 per
cent vanadium in aluminum meterially incresses both the hardness and
strength of aluminum. A L per cent venadium alloy is strong enocugh
for structural purposes; & 10 per cent vanadium alloy is used to stif-
fen the framework of airplsnes, piston rings, gearboxes, and elec=
trical equipment (16). Alloys containing up to 10 per cent vana~

dium are malleable, snd the binery alloy known as "vanalium" being
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3 per cent heavier than aluminum, is strong, herd, and corrosion-
resistant. Alloys containing about 63 per cent vanadium are hard
and very resistent to acids.

In addition to the above-mentioned uses Eborell (17) has shown
that vansdium is a powerful grein refiner when added to aluminum in
gquentities up to 1.5 per cent; vanadium also has & grein-refining
effect on aluminum-copper alloys snd renders them susceptible to
heat trestment (11, p. L72).

B. Discussion of Reported Work

In summary, it might be pointed out that only in the case of
the high-aluminum portion of the system has any serious investi-
gation been underteken, and the results are not conclusive. Cazakofs
(7, pe k1) original work showed a microgreph of an alloy containing
1 per cent vanadium in which white crystals were scattered uniformly
throughout & grey matrix. The white crystals, which he identified
as Aljv, mede up s&bout 15 per cent of the ares. This mesns that
elther the picture was not representative of the alloy, or else the
white crystals contained fer less vanadium then Aljv. The reason
being, of course, that the white crystals cannot contain more than
the totsl amount of venadium in the sample.

The same criticism csn be raised about Roth's (12, p. 357) micro-
graphs of the alloys used to determine what he assumed to be the

solubility limit of AI3V in aluminum, It is interesting to note
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that if Roth annealed his elloys at 630°C for 1k days, then accord-
ing to ¥ondolfo (1L, p. LB), his microstructure should have shown
erystels of leV surrounded by a matrix of aluminum solid-solution.
Then too, Breuer (13, p. 208) obviously had no knowledge of Mon=
dolfots work for he slowly cooled & 10 per cent vansdium alloy from

1200°C in order to obtsin single crystals of ALV,

3
Perheps it is pertinent to say that the existence of A13V is
fairly well established; the existence of A17V and Alhv has been
pointedly ignored by sll investigators save Mondolfo, who published
no data and worked with alloys containing relstively large amounts

of iron and silicon; and the existence of any further compounds is

uncertain,
C., Bummery of Pertinent PFacts

For essy reference the pertinent informetion compiled from the
litersture survey is presented in tabuler form:

¥elting Polints

Al 660,2%

AV 750

ALYV 950

v 1728 (1935)

v 1780 (1949)

v 1899 (1951)

Bensitz

AL 2.6978 (25%) (1938)
Al 2.695 (X-ray, 25°C) (1935)

v 5.96
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Crystallography
Al el F.G.Ql; 50 = }.L.lelh go
V-B.C.Cos 8 = 3.0338 %

ALy - F.C.Tos 8, = 5.33 K5 ¢o = 8.305 K,
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III. SOURCE OF MATERIALS

A, Aluminum

Becsuse it contains a large amount of iron and silicon, ordi-
nary commercial aluminum is not suitable a&s a starting materisl for
equilibrium studies. Since 1925, when electrolytically refined
aluminum became available (18), many enomolies sppesring in litera-
ture of binary sluminum alloys can be credited to the fact that some
investigators were using aluminum of extremely high purity while
others were not. Hence, a stendard has been laid down (19) whereby
the minimm purity for aluminum used in equilibrium studies shall
be 99.99 per cent, and the other metals used for the work shall be the
purest obtainsble.

Unfortunately, this high purity sluminum was not aveilable in suf-
ficient quantity for the present work and the following plan had to be
edopteds Five peund# of messive eluminum, conteining a minimum of
99.75 per cent asluminum, was obteined from the Aluminum Company of
America. Thia metel was used in the practice prepsration of alloys,
in diffusion semples, end in other studies not criticsally dependent
upon purity. One pound of messive aluminum, contsining a minimum of
99.9 per cent aluminum was obtained from the A, J. Mackey Compeny.
This metal was used in the preparation of sll samnles whose physicel

and chemical properties are reported below.
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B. Vanadimm

It was not possible to procure any large quantity of pure com=
mercial vanadium, However, one pound of 99.5 per cent venadium was
obtained from the Electro-metsllurglical Division of Union Carbide
and Carbon Corporation with sn asssy #s follows:

V - 99.5% 0 = 0.036% H - 0.0014%

N - 0,095% ¢ - 0.19% All Others - 0,10%
Since vanedium reduced in this lsboratory wes found to be superior
in certain respects to this commercial metal, the latter was only
employed in & preliminary survey of the system and in diffusion stud-
ies.

The Ames venadium, which was used in the preparstion of the
finel series of alloys, weas prepared by the calcium reduction of
vanadium pentoxide in & sealed bomb., The method has been standard-
ized and reported by Long (20) and Powers (21). Pure iodine was used
as & hooster and the sources of the materials are as follows:

Venadium pentoxide C. P. (Vanadium Corporstion of America)

Anslysiss Si0,,0.01%; C1,0.003%; Fe, 0,005%; Alkalies, trace.
Calcium (Ames redistilled)
Analysist Fe, 1 ppm.; Mn, 13 ppm.j N, 100 ppnm.
Iodine U.S.P. XIV resublimed (Mellinckrodt).
No quantitative purity of the metal thus produced is avsilable, but
the metsl gave a hardness value of RockwellwBw67, wheress the commere

cial vensdium geve Rockwell-B~-97 under similsr circumstences.
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C. Alloys

As was mentioned above, aluminum-vansdium alloys are quite diffi-
cult to prepsre. Solid venedium dissolves extremely slowly in molten
aluminum, and aluminum has a tendency to distill out of molten vanae
dium. Then too ebove 1000°C, contamination from the crucible and
atmnaphera)béﬁé&@s a formidable problem for venadium (22),

It was only logical then, to turn to arc-melting as a posasible
means of evoiding contamination. In a laboratory src-melting furnace,
& D. C. arc is ususlly struck between a tungsten electrode end the
semple, which is resting on & water-cooled copper crucible. Thse sem-
ple is melted and cooled gquite rapidly, and the entire operstion can
be performed in 2 purified helium or srgon atmosphere., The product
is generally a bright metallic button which has suffered very little
contamination from the furnace.

However, in keeping with thelr seeming incompatibility, aluminum
and vanadium still offered great resistance to alloying by erc-melting.
The piece of solid vansdium in the puddle of molten aluminum directly
beneath the arc would sink down to the bvottom of the crucible where it
wonld remain relstively cool. If too much power were spplied to the
&rc, the aluminum would boll away; when the button was turned over and
remelted, the vansdium would sgein sink to the bottom. HNaturally, each
time the sample was remelted & little more venadium would dissolve in
the alnminuﬁ and if this 2lloying by stirition is continued long

enough 2 homogeneous sample will be produced,
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To insure a mecroscopicaily uniform gseample and, at the same tine,
to prevent the time consumption from being exorbitsnt, the following
procedure was adopted for the preparation of the final series of
alloys: The aluminum and vensdium samples, not exceeding & combined
welght of ten grams, were arce-melted snd flipped four or five times,
The resulting alloys, in the composition range of LO to 80 per cent
by weight vanadium, proved to be too brittle to cold work and were
enployed in the arc-melted combination. The rest of the slloys were
cold-pressed after arc-melting with a reduction of from 30 to 60 per
cent, In the‘cnmpasitian renge of O to 30 per cent vanadium, where
segregation of the vanedium proved to be unususlly troublesome, the
erc~melting and cold-working operstions were repeated, Samples from
the entire series of alloys were then cut or broken as needed for
heet treatment, end X-ray or microscopic examination. One of the
natural disadvanteges of meliing such amall quantities of metel st
a8 time was that the number of tests that could be performed on any
perticuler slloy wes limited,

It wes found thet cereful sttention to the loss in weight, if
any, of the alloy upon src-melting eliminated the necessity of chemi~
cal analysis in meny instsnces. However, in the composition range
LO to 60 per cent vansadium 8 rare but reproducible phenomena occurred
which mede the nominal compogition of these alloys uncertsin, After
being flipped two or three times in the arc furnace, the alloy would
gpprogch & certeln critical composition snd upon cooling it would

ghatter or even explode with considerable violence. If the explosion
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occurred after the alloy had solidified (as judged by the shell~-like
appearance of the fragments, (see Figure L)), the aslloy was considered
usueble; however, chemical snalysis was necessary since it wes impos-

sible to recover a&ll the fragments,

Fig. 4 « S4% venedium,
8z arc-melted. X 1,

Table 2 conteins & list of the alloys used in this investiga-
tion. The chemical anslyses may be taken to be precise to I+ 0.5%.
The nominal compositions were obtained by weighing the sample before
and after melting end ascribing any loss in weight to a loss in alumi~
num by evaporstion during meliing. The column marked A\ refers to
the discrepancy between nominal composition and chemical snalysis®,
and the colum of ssszigned compositions is composed of nominal com-

positions whenever they were judged to be relisble. In case chemical

8Tt may be noted that the differences are 2ll positive with en
average value of gbout 1 #. Furthermore, there is no obvious trend
in /\ , such &s a regulsr decrease with increasing vanadium content.



Table 2.

Alloys Used in This Work

Alloy Nominal Chemical Analystis Arc-melting Assigned
designation gompposition analysis A reference reference composition
DIE=2=82=2 9.,1% V S.4% MB=1-175 BLF=1-}193 6% v

Sk DJE=3=58
=82=13 17.3 17.8 MOB=1-175 -3195 19
-82ly 3.2 30.6 «1=175 -3227 32
=325 LOJk L0.5 ~1=175 -M197 h2
k1.3 DJK=3-4%
w826 50.4 52.5 MOB=1-175 =226 Sh
53.2 DJK=3=54
DJK=2-82=7 65.9 62.5 HOB-1-175 BLF=1-}192 66
6lie2 DJE=3=55
6l 8 DE~1-13L
-32-8 81.5 81.3 DJK=3=18 -M190 82
81.2 DK=1~3L
=82=9 86.2 85.h DIK=3=}47 -}189 86
-82-10 93.4 93.5 -3=45 -M19k 9l
DJK-2-106~13 21.2 BIF=2=-M559 22
«106=16 38.7 37.7 DE=l=3k - 39
DJK~bi=bili=}C 32,72 32,2 +0.5 LFB~2~17 -M528 2.7
-iC 36,32 35.6 + 0.7 217 -1531 363
-MC 38.0 37.h DEK=1-130 -4629 38

8)\1loys that did not lose meterisl due to bresksge snd were weighed before and after melting.

8T



Table 2. (Continued)

Alloy Nominal Chemical A Analystt's Arc-melting Assigned
degignation composition analysis reference reference composgition
DIK=liwelily=31C 3%.k h7.k DE=1-30 BLF=2-3530 ?

~3C L2.7® -¥533 k2.7
-0 S2.h Sl.h DE-1~30 ~-3630 52
i 5642 £2.8 1-30 =546 sk
-m 660’-& 146.2 1‘30 "%35 ?
51,1 1FB-2-17
¥ 78.72 75.9 +2.8 DE~1-30 ~1532 78.7
~MC 90,72 " =M627 9047
DJKly=ls 7=HA 1k,.32 12,6 +1.7 MEF=2=30 BLF=2«H649 1h.3
~MA 17.7% -M55h 17.7
<MA 23,82 456} 23.8
~MA 27,28 =M565 27.2
DK==l T=HA k3.8 Lk1l.9 DE=1-=30 BLF-2-4553 43
<A 57.6 57.1 DE=1-30 -M551 58
-HA 66.8 6505 +103 1"30 "‘%52 66
~HA 71.6 50.6 1-30 STANN 52
-MA 86,12 84,1 + 2,0 -2=17 ~M557 86.1

a‘A,I.Il.ays that did not lose material due to breskage and were weighed before and after melting.
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Teble 2. (Continued)

Alloy Nominal Chemical A Analyst's Arc-melting Assigned

designation composition analysis reference reference composition

DJKwlioels 6= D . O.u® 0.1 $0.3 MEF=2-130 BLF=2=M560 0.4
-MD 1.6* 1.1 +0.5 2-30 -M575 1.6
~¥D 3.5% 2.7 40,8 2-30 ~M561 3,5
-¥D 6,32 Y +1.6 2-30 550 6.3
«HD 10.12 7.6 +2.5 2-30 ~M559 10.1

DJK=li=li5=HD 92,58 91,5 . LFB=2-17 BLF=2-46i3 92.5
=D Ol 18 -¥558 9h.h
-MD 95, 3% 1556 95.3
"ﬁ) 980 6& *%55 98 . 6

82lloys that did not lose material due to bresksge and were weighed before and after melting.

0e
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analysis is ugsed in assigned compositions, one per cent has been arbi-
trarily added to the experimental velue in order to make it agree with
the nominal compositions; it is helpful in examining microstructures

to heve all compositions referred to the same standard,
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IV. APPARATUS AND METHODS

A. Obtaining Thermal Data

Since the system covered such a lerge range of melting tempera-
tures, it was ineviteble thet several different techniques had to be
employed for obteining thermsl data, The use of & resistsnce furnsce,
querts vacuum tube, and chromel-alumel thermocouple provided the most
sccurate data; but this method was prohibited above 1100°C by the
gtructural limitetions of quartz. The next natural change in teche
nique came at 1500°C, at which point pletinum-rhodium thermocouples
congistently burn out. The final method, &nd perhaps the moat inscw
curate, was the use of an optical pyrometer for observing visusl signs
of melting in this system up to 1900°C. Naturally, overlepping data
were obtained by the three methods, snd the results ere in good agree~
ment 1f it is remembered that an uncerteinty of &s much as 2500
sometimes exists in optical~pyrometer data.

A photograph of the equipment designed specifically for the range,
600 to 1100°C, is shown in Figure $. The heeting wes done by & 2500
watt electricsl resistence furnece which accomodeted & 3 inch outside
diameter ¢uartz tube. The power for the furnsce was supplied by a 220
volt powerstat driven by a Modutrol motor. The system was evacuated
by a 60 liter-per-gecond-cepacity, water-cooled, oil diffusion pump

end & Welch Duoseal, "1400," mechanical backing pump. It wes necessary
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Fig. 5 = Thermsl Anslysis Furnace.

to place a D.P.I. Phillips vecuum gauge behind a liquid nitrogen cold
finger since the presence of aluminum vapor would be harmful to the
gauge, The vacuum could alweys be maintained below 0,02 microns, even
during the initial heating period.

The procedure was to suspend 2 1 inch outcside diemeter, graphite
bucket from & rubber stopper at the top of the vacuum head, A 1 inch
outside diameter thoria crucible containing the alloy and an alumina
thermocouple protection tube was placed inside the graphite bucket,
and the whole assembly was suspended in a 2% inch outside diameter

refractory cylinder supported from the bottom of the quarts tube, The
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usual thermocouple snd differential thermocouple connections were made
in accordance to recommended procedure (19, p. 9). The differential
thermocouple mede it possible to meassure end, a2t the same time, con-
trol the temperature gradient from the ssmple to the quarts tube; this
gave a falrly constant heating end cooling rate and also served to
gharpen and megnify the thermsl arrests., This differential thermo=
couple of chromel-alumel-chromel wss connected to a Brown Electronik
cireular scale potentiometer which in turn energized the Modutrol
motor mounted on the poweratat. The thermal emf. of the chromel-
alumel thermocouple was measured by & Brown Electronlk recording strip
chart potentiometer of the print-wheel type; this instrument could
record both the tempersture snd temperature gradient in the system,
Hence, the thermsl srrests could be detected during a constant rate

of heating or cooling ss described above; or else the powerstat could
be fixed st a definite voltage, and the thermsl arrests be detected
during heating or cooling at constant power in-put.

It wes found convenient to maintain the thermocouple cold-junce
tions at 35°C by mesns of the constant temperature oil bath shown in
Figure 5. The chromel-aslumel thermocouple was calibrated with three
melting point stendards (Al, Cu-Ag, and Ag) furnished by the National
Bureau of Stenderds; and three or four duplicetions of each run
showed that the thermal errest of a 10 gram sample could be measured

precisely to +1°C.
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B. Annesling the Alloys

The importance of obtaining equilibrium slloys was accentuated
by the four peritectic reactions of this system, Even if the parent
slloy contained no segregation on a macroscopic scale, it was safe to
assume that no elloy in the range of 10 to 60 per cent vanadium was at
microscopic equilibrium in the as-cast or as~arc-melied condition,
The removal of segregation or concentration gradients in the parent
a8lloy was described above in the section on alloy preparation; the
method for obtaining equilibrium on the microscopic scale will be
described here,

Only a small portion (1 to 2 grams) of the cold-worked parent
alloy was used in the hope that eny remeining concentrstion gradient
wonld be removed during the ammesling run. Ten to fifteen samples
were placed in two slundum bosts stacked vertically. The ssmples were
vacuum heated in one of geversl systems typified by the one shown in
Figure 6. At the end of the prescribed heating period, these samples
were allowed to furnace cool or were quenched in water, Any chenge
in weight upon annesling was measured with an enalyticsl balance; a
loss in welght could be ettributed to evaporetion of aluminum,and a
galn was assumed o be due to oxidetion of the sample. The loss in
weight observed never sppreciebly sltered the composition, end if the
specimen gained more than 0,3 per cent, it was discarded. Signs of
melting or other irregulerities were noted before mounting the speci-

men for microscopic examination,
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Fig, 6 = Typical Annealing Apparatus,

The vacuum systems employed in annealing experiments (see Figure
6) were composed of & quartz tube within the furnace, a diffusion
pump with cold trap end & mechenical fore-pump. The ultimate vacuum
atteined upon long standing was of the order of 0,001 microns end the
pressure was not allowed to exceed 0,02 microns during the heating
cycle. A kanthal-wound resistance furnsce was regulated by an elec-
tronie controller which registered the hot-junction tempersture of
the chromel-alumel thermocouple ingide the guertsz tube. Since it was
not possible to place the samples in contact with the thermocouple,

the annealing tempereture may not be relied on to more than + 10°C,
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The procedure for quenching was to merely relieve the vacuum with
argon gas and quickly sheake the contents of the quartz tube into a
pan of water.

A hesting schedule for the alloys used in this work is ore-

sented in Table 3, 1In view of the long periods of time involved,

Table 3. Annesling Time for Various Temperstures

menching Temperature Time at Temperature
1100°%C 10 hours
1000 50
900 100
800 200
800 242
350 275
0 325
62$b 500
600 100

8purnsce-cooled, not quenched.

PAnnesled 100 hours at SGGQQ, slowly cooled to 600°C and quenched.

power failures constituted a real menace and samples were sometimes dise
carded because they were too badly oxidized. The total, accumuleted,
ranning time for 21l the specimens was in excess of 35,000 hours;

hence, economy dictated thet the fullest possible use be made of each
semple. The life history of a typical sample might ineclude &n inves-
tigation of work hsrdening, snnealing and quench-~hardening, melting

and macro erystal growth, microstructure, and finally, X-ray patterns

in either the solid, powder, or single crystal state.
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C. Prepsration of Semples for Microscople BExemination

1. Polighing

The specimens for microscopic exsminstion were usually quite
gmall (1 or 2 grams) and were mounted in bakelite plastic. The grind-
ing was sterited on & 240 grit sending disk and was followed in order
by numbers 320, 500 and 600 grit pepers. The semple was then polished
on & soft cloth wheel by using a suspension of lLinde A polishing come
pound in 2 detergent solution. In the cese of alloys contsining less
than 10 per cent vanadium, the grinding-wheel papérs were soaked in
benzene~peraffin solution and dried. This procedure prevented an

excessive amount of cold work and smesring in the high-aluminum alloy

range.
2. Etching

Several different etching procedures were employed, but by far
the most versstile wes the one which employed immersion in mixed acids.
The proportions are: 1000 ce. HpO, 25 ce. HCL (cone.), 10 ce. HNOy
{conc.) and S ce. HF (LBF). The sample was immersed for 10 seconds at
25°C and rinsed with water; if necessery, this etch was repested snd
the progress of the successive etchings was observed under the microe-
scope. This etch proved satisfactory in all csses where it was not
necessary to bring out the grein boundaries of the phase, (V), or dis-
tinguish between the phases, (Al) snd o (Al-V)., Phase terminology
is discussed below in the section on the microscoplic nature of the

33‘8%373@
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The best method for bringing out the contrast between (Al) and
K (AlV) consisted in immersing the ssmple for 10 seconds in a con-
centrated solution of KOH at 80%C and rinsing with cold water.

Either an electrolytic etching or cathodic etching proved st~
isfactory for revealing welledefined grain boundaries in the (V) or
voanadium solid solution phase. The electrolyte employed in the elec-
trolytic etching was & 3 N. HK03 solution containing 1 per cent by
welght of KF3 a current density of sbout O.1 amps. per sq. cm. was
found to give good results., The cathodic etching was mainly done as
an experiment to test the universality of that method and is described
in detail elsewhere (23). The conditions which proved to be the most
satisfactory for cathodic etching of sluminumevenadium slloys weres

Atmosphere -« Argon at 20 microns.
Electrode Spacing -~ 15 inches,
Voltage == 5000 volts.

Current - 13 milliamps.

Time =~ 15 minutes.

A Bausch snd Lomb Research Metallogreph was used to examine snd
photograph the specimens. Photomicrographs sre presented below in
four standard magnifications (75X, 120X, 250X and 500X). It was pos~
sible to obtein magnificstions up to 1000X but no further informstion
was procured by doing so. PExtensive use was made of visusl exami-~
nation of the samples under polarized light. Anisotropic crystals
exhibit extinctions in polarized light 28 the metallographic stage
is rotated (24), and two of the four intermediete phases in this

alloy system proved to be enisotropic.
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D. Preperetion of Semples for X-ray Analysis

¥=rey diffrsction date were used to obisin three types of infor-

mation: phsase identification, precision lattice constants, end crystal
strocture, Three genersl methods of X-ray enalysis were employed with
varying degrees of success Lo obtain these three different kinds of
informetion. Usually, the powder method gave the best phase identi
ficetion, polycrystelline solid specimens gave the most reproducible
lattice constents, snd when evailsble, single crystals gsve informa-
tion concerning crystal structures.

1, Powder specimens

It was possible to crush alloys in the remnge 15 to 70 per cent
vanadium with & diamond morter without noticesbly brosdening the X-ray
diffraction lines. It is necegssry in studies involving mallesble
alloys to ennesl crushed powder at about 600°C to relieve the strain
caused by the cold working., Since this trestment wes not necesssry
in the case of these sluminume-venadium slloys, the possibility of
conbemination during smnealing wes elinineted., This method had the
further adventage of gi#ing an ¥-razy pattern for esch observed micro-
structure, That is, the specimens used for microscopic examination
were broken out of their bskelite mountings end given an X-ray enaly-
gis without further hest treatment.

The X-ray powder petierns of these alloys ezt room temperature
were obtsined on 2 1l.4 cm. dismeter Debye-Scherrer camers using

filtered copper radietion. The alloy powder wes screened through
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& number 300 mesh snd mounted in & thin-well, glass capillery of
spproximately 0.0L em.dismeter. The back-reflection region of the
powder pattern was ususlly teken concurrently with the Debye pic-
ture and was uged to cslculate precision lstiice constants. A sym-
metricsl gelfw-focusing cemera of 12,0 cm.diemeter was employed, and
the caleulations were refined by the analytical extrapolation first
proposed by Cohen (25).

In general, visual exsmination of the Debye pattern of a two-
phase alloy wes sufficient to identify the phases present end also
estimate their relstive amounts. Lattice constant measurements were
usually hempered however, becsuse of the frequent superposition of
lines from different phases snd the consequent difficulty in index-
ing these lines.

2, Solid ssmples

8ince @lloys at the extremities of the system were too soft and
too reactive to be used as powdered samples, it wss profitsble to
examine their X-rar spectrs in the messive stete. The Phillips X-ray
Spectrometer embodies essentially the same principle as that employed
in the original Bresggy experiments; a Jeiger counter messures the inten-
sity of the besm diffrscted from the surface of a solid ssmple for
any glven velue of the Bragg engle, 8., The bakelite mounted samples
used for microstructure determinstion could be plzced directly in the
X~ray unit and a complete phasse ldentificaztion mede in the course of

an hour. However, this method was limited by the fact that the
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relative intensities of the different reflections were inherently
erratic, and no estimate of the relative emounts of the different
pheses could be made, This situstion bhecame quite critical in the
high-vensdium portion of the system where the grain size of the (V)
phase was large snd the body-centered cubie vanadium structure gave
only a few reflections,

The effect of grain size upon the intensities of the reflection
meszsured by the (eiger counter was studied extensively since it was
desired to messure the chenge in lattice constent with composition
of the (V) phase, There are only two intensity pesks in the whole
back-reflection region of this body-centered cubic phase (copper
radiation), and both of these reflections had to be sharply resolved to
obtain a precise lattice constant., A schemstic drewing of the Phillips
X~ray Spectrometer is shown in Figure 7. The unit is essentially the
game as an asymmetricsl, self-focusing cemera in that the source, the
sample, and the Geiger counter or film all lie on the eircumference |
of the focusing circle. It can be seen thet a sample of finite
length should be curved and not plensr to lie truly on the focusing
eircle, In the front reflection region where 2 @ is smell snd the
focusing circle is large, the plene surface of the semple closely
approximates & segment of the circumference of the circle. However,
in the becik-reflection region where 2 © is large and the focusing
cirecle is small, only & small erea of the sample approximates the

circunference of the focusing circle; hence, for a lerge grain sample
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Fig. 8. 8o0lid Ssmple Holder for
X-ray 3pectrometer.

only a few grains ere located in the optimum focusing position.®

A specisl sample holder was designed to measure the lattice con-
stent of the (V) phase (Figure 8). The purpose of this instrument
wag to affect a translation of the sample in & tangentiel direction to
the focusing circle at constent @, This wes done by means of a gime
ple system of gesars end racks so that the sample could be remotely
controlled while being exposed to the X«ray hesm., The procedure was

to fix the sample at an approximate value of 2 @, trenalate the sample

8The focusing circle shown in Figure 7 is really the cross-
section of & focusing eylinder whose height for this unit is about
1 cm.
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to obtain & meaximum pesk intensity, end then messure 2 © precisely.

It was found thet in the criticsl region of 2 6 equal to 140° a trans-
letion of only 1 mm, would meke the difference between a large inten-
sity pesk &nd no peak at ell., Satisfactory lattice constants were
obtained for the vanedium solid solution phsse by using the grephicel
extrspolation proposed by Nelson end Riley (26). These constants sre
reported in ihe section on the microscopic nsture of the system,

3. Single arystala

8ingle crystals are, of course, invalusble in determining the
stomic errangement in a phese; also, when the powder pattern of a phase
is complex, single crystals are often the only meens of indexing the
pattern and hence, meking phase identification. In this investiga-
tion, the fullest possible use wes made of this phase identificetion
funetion of single crystals, while erystal structure informestion was
pursued short of quentitstive intensity measurements. Single crystel
specimens of « (Al-V), \B3(Al-V), and X (A1-V) were aveilsble. The
powder photograph of an slloy conteining the ol and \3 phases is black
with lines; thet is, the error in determining the position of a
line is often of the same order of megnitude as the distence bhetween
sdjecent lines. It is doubtful if proper phese identification could
have been mede for « {Al-V) and %3(A1~V) without the use of single
erystal informetion. Single crystal date heve been gathered from
rotstion, oscillation, Weissenberg, and precession pictures and are

presented below in the section on phase structure.
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E. Chemicel Analysis

1, YVolumetrie

A1l of the alloys were &nelyzed for vensdium, end the aluminum
was then determined by difference. This procedure is not too profite
sble in the high»vanadium portion of the system, but measured densi-
ties when plotted ageinst nominel compositions geve & straight line in
this region., The method for volumetric enslysis wss based essentially
upon that worked out by Willerd and Young (27) who showed that it was
feasible to use ferroin (ferrous o-phenathroline sulfste) as an oxi-
dationwreduction indiecator for the venadic acid-vanadyl system, pro-
vided the hydrogen ion concentration is sufficiently high. The alloys
could be dissolved in hot concentrated nitric ecid, and sfter adding
gulfuric acid end fuming the solution, it wes possible to completely
oxidize the vensdium to venadic scid with sn excess of sodium bismthe
ate. The solntions were then titrated with standerd ferrous sulfate
using the sbove-mentioned ferroin indiestor. The reported chemical
composition of alloys conteining more then 10 per cent venadium meay
~ be taken to be precise to 0.5 per cent.

2, Spectrophotonetric

Alloys containing less than S per cent vanadium were analyzed by
& gpectrophotometric methodj this determination of vanadium is usually
based on the reddish-brown color formed by the pentavelent vanadium
and hydrogen peroxide in an acid solution, However, & deteiled descrip-
tion of the method used here has been given by Telep and Bolts (28),
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in which a cheracteristic absorption pesk of the complex is measured
in the ulira-violet region. Stendard curves were constructed by the
enelytical section of the Ames Lsboratory (29).
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V, EXPERIMENTAL RESULTS

A, Macroscopic Naeture of the System

1, Density

The density of a series of arc-melited alloys wes messured by
obgerving the appsrent loss of weight in water and is shown in Pigure
9, The points have been joined by segments of straight lines in a
somewhaet srbitrsry menner., These strsight lines may or msy not have
a reel significance since they merely serve to emphasize the linearity
of certain portions of the curve and the devistions from sverage
specific volumes of the elements, The room-tempereture phase bounde
erles for the system are indiceied by verticel lines and there seems
to be some correletion between discontinuities in slope of the spe-
cific~volume curve snd these phase boundaries, However, it must be
emphasized that these alloys are in the as-erc-melted and not the
equilibrium condition. Whenever the malleasbllity of the alloy per-
mitted, the density of the arc-melted bution wes messured after it
hed been compressed under 50 thousand psi to sbout the shape of a
silver dollar,
2. Hardness

The addition of saluminum to venadium seems to have little effect
on the hardness of either the ss~arc-melted or cold-worked metal. All

hardness velues observed for alloys containing up to 20 per cent

aluminum a@ither in the as-arc-melted or cold-worked condition fell
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within 10 points of 60 on the Rockwell "A" scale.

On the other hand, the addition of vanadium to aluminum hsas
a profound effect on the hardness of the metal (see Figure 10). The
highealuminum src-melted alloys were cold-pressed under 50 thousand
psi and reduced up to 50 per cent. A surprising feature of these
alloys is thet upon annealing in vacuo at 600°C for 2L hours, some of
the cold-worked ssmples became hsrder rather than softer, Perhaps
this is due to the presence of the brittle peritectic, Aly,V, whose
formation wes suppressed during the rapid cooling of the src-melting
furnace.
3. hgeing

A 0.5 per cent venadium alloy was cast in graphite under an
argon atmosphere snd repidly cooled in a stream of air., The salloy was
cut up for two test series of ten semples each; the first series was
placed in an oil bath at 50°C and the second in & bath at 100°C.
Periodicelly, & ssmple was removed from each series end its hard-
ness wes messured on an erbitrary Rockwell scale. After about 3 hours
at 50°C, the first series show a meximum herdness (Figure 1l1); while
the series at 100°C exhibited a meximum hardness after only 4O min-
utes. In each case the hardness dropped upon extended treatment,

Although these samples were not given the rapid quench usually
employed to obtain meximum age-hardening (30) they did respond to
the aubaeqnént heat-treatment. There appears to be two hardening
effects obtained upon the hest-treatment of sluminum-rich alloys.

One is perhaps a true asge-hardening effect, while the other (occurring
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in the range of 600°C) is perhaps due to the formation of & hard

peritectic compound,
B. Microscopic Nature of the System

1. Introduction

erographs end X-rey diffrection patterns have revealed the
existence of six phese fielde in the sluminumevanadium system. Phasge
designation has been made in accordance with the procedure first pro-
posed by Dix and Keith and later modified by Fink and Willey (19, p. L)
The chemical aymbola of the elements necessary for the formation of a
phase are placed in the order of decreasing etomic percentage end
enclosed in parentheses. They are sepesrated by hyphens in order to
distinguish them from chemical formulae. If two or more phases would
have the same designation sccording to the above rules, they are dis-
‘tinguished by prefixing Greek letters. It is desirsble but not slways
po&aiblaito arrange the (Oreek letters in slphabetical order, since
additional phases may be discovered after the system has already been
described in the literature.

In order to feclilitate a report of the experimental results, an
artifice will be employed whereby the phases are first described as
entities unto themselves end later examined in the significence of
neighboring phase relationships.

Generally speaking, the agreement between microscopic and X-ray
enalysis is excellent. However, an uncertainty exists in asasigning

en exact composition to samples containing between LO and 70 per cent
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vanadium, Chemical snalysis is meeningless when the gsmple is not at
equilibrium; then too, es mentioned a&bove, explosions would often drag-
tically alter the originelly intended composition of an slloy. It was
profitable to exemine non-equilibrium elloys in the as-arc-melted or
partlielly annesled state since they often revealed a sequence of phase
formation,

Therefaxg‘aach photomicrograph presented below has been assigned
a compmﬂitidn‘(weight per cent venadium) in accord with that listed in
the last column of Table 2, When it was not possible to determine the
compogition from chemical snalysis or loss in weight, the photomicro-
graph hes been assigned & composition on the bssis of the relative
smounts of the different phases present. The symbol (E) hss been
placed after such estimsted compositions. Of course, such & pro-
cedure presupposes zn identification of the phases present and the
location of their phase boundaries.

2. Phase properties

(a) (Al), Aluminum will dissolve a small amount of vanedium in
solid solution; the solubility limit of 0.37 per cent vanadium at 530°C
wes determined by Hoth (12, p. 357) who employed electrical resistivity
snd lattice constant meesurements. Flgures 12 end 13 show the micro-
gtructures of (Al) and (Al) with an excess of oK(Al-V)., The alumi-
pum matrix is usually gouged and pitted in a two phaese alloy becsause
of its extreme sofiness and cheslcal resciivity., This chesracteris-

tic is often an sid in identifying the constituents in & micro-
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gtructure. Very little work was done on this phase since an extremely
high purity of aluminum is necessary and as stested sbove, aluminum of
only 99.9 per cent wes available. However, it wes determined by
thermel analysis, thet the addition of vanadium neither rasises nor
lowers the melting point of the (Al) phase, within the limits of

exparimnial errors ($£1°C).

(b) <(A1-V), The last intermediate phsse to be detected in the
aluminum-vanedium system was {(Al-V). This phase does not exist above
685°C and is seldom found in a cast alloy. It is difficult to distin-
guish this phase from (Al) under the microscope since the two phases
have simliler etching characteristics. Then too,  (Al-V) and (Al) sre
both opticelly inective under polarized light becsuse both are iso-
tropic. Xe-ray diffrection patterns of powder semples show the crystal
symmetry to be face-centered cubic (g, = lh.SSéx); this seems to indi-
cate that the crystal may be a super lattice of aluminum which is also
face=centered cubic (8 = 1.04968). & (A1-V) corresponds to the formula
Aln « The extent of solid solubility in this phase i1s unknown.
Typical microstructures of «X (Al~V) with (Al) and with 5 (Al~V) are

shown in Figures 1, and 15 respectively.

{e) B (A1-V). Figure 16 shows the single phase microstructure
found in 8 23.8 per cent venadium a2lloy. This phase is probebly the ore

Mondolfo had reference to when he reported Al.V (1L, p. L8).B(Al-V)

is usually porous since it can only be formed by & diffusion mechanism



Fig. 12 = 0.4 per cent vanadium. (Quenched from 625°C. Aluminum
solid solution phase, (Al). BEtched with KOH. X250,)

Fig. 13 - 1.6 per cent vanadium. (Quenched from 625°C. (Al) plus
smell crystals of o{. ZRtched with KOH. X250.)

Fig. 1 = 6.3 per cent venadium. (Quenched from 625°C. Islands of &
in (Al), Etched with KOH. X250.)

Fig. 15 = 17 per cent vanadium (E). (Quenched from 625°C. Sharp
crystals of 3 in o+ Biched with HF-HNO3-HC1. X250.)
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snd not by 2 casting operstion. Unlike o (Al~V), this phsse shows
optical activity under polarized light and hence \Z(Al-V) can be
distinguished microscopicelly from < (Al-V), yB(A1~V) does not exist
above 735°C (its incongruent melting point) and corresponds to the
formula Al,V; it crystaellized in & hexagonel unit cell (8o = 7.7183;
ey = 17.158).

(d) "Y_(Al-V). This phase corresponds to the formuls A1V and
its crystal structure has already been reported by Brasuer (13, p. 208).
It exhibits en incongruent melting point (peritectic reesction) at
1360°C in much the same menner as its isomorph AL;Ti (31). U (AL-V)
hes a mich greater optical activity than .5(A1-V) and hence cen be imme-
distely identified under polarized light; a typicel micrograph of
Aljv is shown in Pigure 17. Teble L shows that the lattice constants
of U (Al-V) in & two phase region depend upon the other phase present;
this i3 the clssgical illustration of & solubility range in an intere
mediate phase. The chenge in the ratio of ¢, to a8, across the one-
phese region probebly represents a solubility range of sbout 1 per
cent, but no quentitative cslculations can be mede., However, the
constants in the wplus ¥ end Y plus J regions show no measureable
dependence upon temperature which suggests that the phase boundaries
are essentially vertical. The lattice-constant measurementis were
made on powdered specimens using a8 12 cm. diemeter back~reflection

Camera.
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Teble L. Lattice Constants of ¥ (Al-V)
Compn. ;‘Q\fem:(:h s o/ 8, : gob Zof _gob
36,387 625°c  S.3uME  1.5580
3643 710 5343 1.5582
36.3 800 Se3LL 1,558
38 800 50342 1.5589
38 800 5.3L2 1.5584
43 800 5.3.88  1.5%48
38 900 5e3u3 1.558L
L2.7 900 5e 347 1.5549
h2.7 1000 5.3L5 1.5552
36.3 1100 5343 1.5582
38 1100 5,341 1.5587
38 1100 54343 1.5582

Bconstants of \511; the two phase regian,ﬁ +% .

YConstants of ¥ in the two phase region, -4 .



Fige 16 = 23.8 per cent vanadium. (Quenched from 710°C. One phase,
B (Derk aress sre volds), Btched with HF-HNO4~HCL, X250.)

Fig. 17 - 38 per cent vensdium. (Quenched from 800°C. One phase,
¥ . Etched with HF-HNOs-HCl. X250.)

Fig. 18 =~ 56 per cent vanadium (E). (Quenched from 600°C. Fine
needles of (V) in d « Etched with HFuHNOB-HCl; X250, )

Fig. 19 = 43 per cent vanadium. (Quenched from 800°C. Polarized
light, Lerge grains of ¥ (alternstely bright end dark)
containing small grains of o4 (always derk). Compare Fig.
554 REtched with HF-HNOy=HCl, X75)
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Fige 17

Fig. 16

Fig. 19

Fig. 18
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{e) J{Al-V). In the copper-zinc system, the intermediate
phase designated as ¥ ~brass crystallizes in & body-centered cubie
structure with 52 atoms per unit cell (32)., 4 (A1-V) is isomorphous
with J ~brass and corresponds to the formula A18V5; the diffraction
lines on a powder diagram of J (Al-V) show no splitiing due to rhombic
digtortion as in the case of AlgCrg (33). A typilcal microgreph of
4 (A1-V) is shown in Figure 18; this phese shows no optical sctivity
under polerigzed light and cen therefore be eesily distinguished from

¥ (A1-V) (see Pig. 19). 4 (Al-V) is stable up to 1670°C (its incon=
gruent melting point by opticel pyrometer) and geems to have a con=-
giderable solid solubility raﬁge at 1360°C.

Table 5. Lattice Constant of F (Al-V)

Qgench 2, (8 +4) a, (L + ) )
emp.
600°¢ 9.205% 9.208%
900 9.223
1000 9.241 9.233
1100 9.2L8 9.240

The data in Table 5 can be interpreted to give a rough descrip-
tion of the solubility renge of J(A1-V), It must be born in mind
that the addition of an saluminum atom expands the crystal lattice

(see Pig. 2 end Pig. 28), snd hence, an incresse in lettice constant
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repregentg an incresse in sluminum content for this cubic phese. The
messurements were mede with & 12 cm. dismeter back-reflection camersa
on powdered specimens which had showed either ¥ plus d or Jplus (V)
under the microscope. Therefore, it seems thet there is little or no
s0lid solubility below 600°C but that the extent of solubility
increzses with incressing tempereture. PFurthermore, the sasturated
solld solutions on either side of the one phase region increase in

aluminum content with ineressing temperature.

(£) (¥). Vanedium will retain up to 25 per cent by welght of
gluminum in solid solution when furmace cooled from high temperetures.
Only a rough estimate of the room-temperature saturstion cen be made,
since experience has shown that equilibrium is difficult if not imposg-
sible to attain below 500°C,

hs might be expected, alloys in this solid solution renge were
quite similer to pure vanadium., They were chsracteristically hard
snd lustrous but easily pitted by etching reagents. The addition of
large amounts of aluminum in solid solution improved the appearsnce
of the microstructures, but as yet no highly satisfactory etching
procedure has been cobtained for pure vansdium or high veanedium alloys.
The microstructures show a single phsse region extending from pure
venadium over as far es 78.7 per cent vanadium (Figures 20, 21, 22,
23, 2k and 25). It was first thought that 78.7 per cent merked the
1imit of solid solubility in (V) since higher megnificetions &t this

composition (Figures 26 and 27) revesled the presence of smsll parw
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ticles at the grein bowdaries, However, this precipitation phenome
enon was found to oceur in a2lloys of higher venadium content (Figure
23). Then fum, X~ray measurements placed the solubility limit at

73 per cent vansdium, Therefore, the best interpretation is that
these particles sre oxide or nitride impurities precipitsted slong
the grain boundaries,

The X-ray pattern of (V) shows only diffraction lines of pure
vanadium, and the lattice constent incresses with incressing smounts
of sluminum. This means that the solid solution is of the substi-
tutionsl type in which aluminum atoms teke up rendom positions in
the venadium body~centered cublic lettice.

A precise meesurement of the change of lattice constent with
compogition indicetes the extent of solid solubility at various teme
peratures, Figure 28 shows & plot of lattice constent egainst atomic
per cent venadiumj the lattice constants were taken from measurements
made on quenched solid specimens using the X-ray spectrometer. The
lattice constant is independent of tempersture in s one-phase region
end does not change with composition in & two-phase region.

3. Phaese relstions

The limit of solid solubility for the (V) phase &8s shown by
lattice constant messurements is well substantisted by micrographa.
Pigures 29 end 30 show the formation of J (Al-V) from (V) by nucles~
tion and grain growth; this mechanism is characteristic of a aolid
precipitation resction such as c¢rossing & solvus during cooling.

Figures 29 end 30 are interpreted thusly: (V) solidifies completely



Fig. 20 - Vanadium as arc-melted from the bomb reduced metsl,
(cathodic etch. X120,)

Fig. 21 ~ 98.6 per cent vensdium. (Quenched from 600°C. (ne phase,
(V). Electrolytic etch. X75.)

Fig. 22 = 92.5 per cent vanadium. (Quenched from 600°C. One phase,

(V). Electrolytic etch. X75.)

Fig. 23 = 86,1 per cent vensdium. (Quenched from 600°C. Cne phsse,
(V). Electrolytic etch. X250,)
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Fig.

2l = 82 per cent vensdium, (A8 arc-melted.

Cathodie etch. X120,)

One phase, (V).

25 = 78,7 per cent venedium. (Quenched from 900°C. One phase,

(V). Electrolytic etch.

X75.)

26 = 78.7 per cent vanadium. (Quenched from 900°C. Small oxide

or nitride impurities at the grein boundaries, Electrolytic

etch. sz. )

27 = 78.7 per cent vanadium. (Quenched from 1000°C. Oxide

or nitride impurities at the grain boundaries of (V).

BElectrolytic etch,

X250, )
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from the melt forming the large equiax grains which are typicsl of this
solid aolutibn phese, Upon further cooling, the solid solution becomes
saturated with J (Al~V). The large amount of precipitation at 600°C
(Figure 30) indicetes a considerable dependence of solubility upon
tempersture, When ennealed at higher temperstures (Figures 31, 32

and 33), the precipitate becomes more coarse end migrstes to the

grein baundsrieé. The whole process may be summerized by the non-
equilibrium sample shown in Figure 3h; the assumption here is that &
concentration gredient is equivalent to a time gredient, That is, if
the supere-saturated solution could be observed at some temperature
such as 900°C, the pessage of time would be marked by the cosrsening
of the precipitate and its migretion to the greain boundaries.

In discussing microstructures, it is convenient to refer to a
model such &8 shown in Figure 35. For the sake of the discussion,
gome of the alloys have been classified into the composition ranges
A, B, C, etc.} and hence, the microstructures from Pigure 29 to Figure
3L mey be deseribed in terms of the hypotheticel alloy, A, shown in
Figure 35. It must be noted that no metter how drastic the hest treat-
ment, #lloye in the rsnge of A sll give evidence of having been com-
pletely (V) at one time, (see Figure 33).

As more sluminum is sdded to the alloys, a transition range is
approsched in which it becomes increasingly clear that the micro-
structures correspond to the hypothetical alloy B instead of A.

In Figures 36, 37 end 38, the remains of the lerge equlax grains are

no longer evident. (Compere Figure 31 with 38, snd &lso 33 with 37.)



Fig. 29 = 70 per cent venadium (E). (Furnace cooled from 800°C.
Precipitation of of and migration to the grain boundaries

of (V). Etched with Eﬁ“—-ﬁm}}-ﬂch X250.)

Fig. 30 = 66 per cent venadium. (Quenched from 600°C. Hesvy pre-
eipitation of J from (V). Etched with HF'«%B@OYHCL X250, )

Pig. 31 - 66 per cent vanadium. (Quenched from 9009C. Precipitate
in Pig, 30 beginning to sgglomerate. Etched with
HE"""M Q3“Helc x250. )

Pig. 32 ~ 66 per cent vansdium. (Quenched from 1100°C, ,f~ within the
grains and at the grain boundaries of (V). Btiched with

mm«mfucl. X75.)
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Fig.e 33 - 66 per cent venadium. (Quenched from 1100°C. d within
the greins and at the grain boundaries of (V). Etched

with AP-HNO,-HCL, %250,)

Fig. 34 = Concentration gradient. (As arc-melted. Etched with
HF#I’WOa*'ﬂﬂl. X250, )
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Fig. 36 ~ 6L per cent vansdium (E), (Furnece cooled from 800°C.
Contour lighting., d in relief from (V) matrix. Etched

Fig., 37 = 62 per cent vensdium (E). (Quenched from 1100°C, J (con~
tinuous) plus (V). Etched with HF-HNO4-HC1. X250, )
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The slloy B (Figure 35) represents this situstion in which the melt
can no longer solidify completely before 4 (Al-V) begins to form.
Because of the noticeable difference in grain size between Figure 30
snd 36, an estimation based on the microstructures may be made to
place the terminal solid solubility point at 65 per cent vanadium,
That is, the original grains of (V) in Figure 35 were coated with

& peritectic reasction rim before they had a chance to grow large as
they did in Figure 30.

Significently, there is no place where o (Al-V) is primary to
(V) (Figures 39, 4O, Ll and L2); this is exemplified by Figure Ll
in which the fish~gpine crystels of (V) are typical of primery den-
drites -~ that is, the first phase to solidify from the melt., Solid
precipitation particles cen still be seen in the dendrites of Figures

39 and 40, but they have been annesled away in Figure 42, W%ith still
higher concentrsations of sluminum, a one phase alloy is approached at
about 55 per cent vansdium as shown in Figure 18,

Alloys in the composition range of C (Pigure 35) show a radical
change from previous microstructures. Figure 43 is interpreted as a
non~equilibrium, three phase elloy of this composition range in which
the primary dendrites of (V) are surrounded by f (A1-V) which in turn
is surrounded by finely divided Y (Al-V) precipitated after the slloy
had completely solidified. The finely divided ¥ phase etches much more
rapidly than the other pheses and will of'ten eppeer completely black
in such & three phase alloy.

The sddition of more aluminum will give a microgreph of the type



Fig, 38 - 62 per cent venadium, (BE). {Quenched from 900°C. (V)
in a matrix of . Etched with HF=HNO~HCL. X250.)

Pig. 39 = 60 per cent venadium (E). (Furnsce cooled from 800°C.
Dendrites of (V) in the d matrix. BEtched with HF-HNO,~HCL,
X250.)

Pig. LO ~ 58 per cent vansdium. (Quenched from 600°C. Dendrites of
(V) in ", Etched with HF-HNO3-HCL. X250.)

Pig. 41 - S8 per cent vanadium., (Quenched from 800°C, Dendrites of
(V) in . Etched with HP-HNOy-HCl. X75)



668

Al = S PO S S e

SRSAR AV 70 B AN i gt e Tole
DS TRTR er A ey
=T >

N A . nﬂ\?,l " A
e VKRS ol .

<
S

o«

or% v .

A de
+ 8-

Fige. 39

38

Fig.

S o Pogs v .
g g
", \\\. ek i N\:\\\.‘ )

L,
A . ) 4 !‘ﬁ

TP wawwﬁmwmmmﬁwrgkm.uw .

Fig. L1



69

shown in Figure Lh; ¥ (Al~V) begins to form before the melt cen
solidify completely, The cooling history of samples in the range
of C is bhest explained in terms of the clessical peritectic resction
which nsually lesves the system in a state of mete-stable equilie
brium. As the slloy sepproaches the first tempersture horizontal,
the primsry dandriﬁea of (V) become coated with { (Al-V); the
reaction being
(V) + Liquid = d (Al=V).

The reaction proceeds et & slow rate becasuse it involves a solid
diffusion process, end the alloy supercools, That is, the heat
evolved iz not sufficient to arrest cooling long enough for ell the
(V) to reect with the melt, When the next tempereture horizontal
at 1360°C is reeched,® ™ (Al-V) becomes coated with Y (Al-V); the
resction being

d (Al-V) + Liquid = § (Al-V).
Hence, &t the moment the alloy becomes completely solidified, it
contains concentric layers of (V) surrounded by 4 (Al-V) surrounded
by ¥ (Al-V). Haturally, a lerge concentration gradient exists
scross the f (Al~V) lsyer, and,upon further cooling, part of this
layer becomes superseturated with G (Al-V) which precipitates out of
the solid solution. Upon low-temperature annealing, it is possible
to eliminate the (V) dendrites (Figure L5) and even eradicate the

8The peritectic resction has the effect of removing vanadium
from the system and shifting the composition to the left in Figure 35,



Fig, 42 - 58 per cent venadium. (Quenched from 10009C, Dendrites

of (V) in J". REtched with HP-HNOy-HCl. X250.)

Fig. 43 - 5L per cent venadium. (As erc-melted. Light dendrites
of (V) in grey "+ Finely divided ¥ . FEtched with
HF-HNO3~HC1, X250.)

Fig, hly «~ 52 per cent venadium. (Quenched from 625°C. Dendrites
of (V) in . Long crystals of ¥ in finely divided § .
Etched with HF‘-HNQB-HGJ.. X250,)

Fig, U5 ~ 52 per cent vensdium. (Quenched from 800°9C. Seme as
Fig. Lh except (V) has dissppeared, Etched with
HF-HNO-HC1. %250.)
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concentrstion gradient entirely et higher temperstures (Figures L
end L7).

As more aluminum is sdded to the system, it becomes evident
that (V) can no longer be formed and o (Al-V) is now the first to
crystallize from the melt. (See Figure 35, composition range D.)
That J is the primery phase in Figure LB can be shown by the
residual outline of large equisx greins of J which is absent in
Figures L6 end 7. The addition of still more aluminum irdicetes
thet o (Al-V) is sble to retain a large amount of J (Al-V) in solid
solution et high temperatures (Fipgures LY and 50); at lower magni-
ficstions the grains sppear black with finely divided precipitate.

A microstructure transition, analogous to the one shown by
Figures 30 and 36, ocourson incressing the sluminum constent from
the range D to E. There is 2 noticesble difference in grsin size
between Flgures L9 end 52, This difference has been teken to indicate
that the terminsl solid solubility point lies spproximstely at L7
per cent vanadium (See Figure 51.) The sharp distinctlon between

¥ (Al~V) ot the grain boundaries snd P(Al-V) within the grains of
Figure 51 is probably due to the formetion of J first by & peritec=
tic reaction snd latter by precipitstion in the solid state. Upon
snnealing, the material at the grain boundaries will then agglomerate
the finely divided precipitste in its immediate vicinity.

The significence of the series shown in Figures 53, 5L, 55 and
56 is that in no instence does )5 (Al-V) appesr as primery dendrites

in equilibrium with o (A1~V)., Therefore, since (V) is always primery
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Fig.

Fig,

Fig.

hé - 52 per cent venedium. (Quenched from 900°C, Same as Fig.

L5 except finely divided U has diseppeared, lesving only

erystals of ¥ in the  metrix. Etched with HF-HNO4-HC1.

%250, )

L7 - 52 per cent venadium, (Quenched from 1100°C, Same as Fig.

b6, Y in f metrix. Ftched with HF-HNO3-HCL.

1250,)

48 ~ 50 per cent vansdium (E), (Quenched from 1000°C. 7 at the

grain bounderies snd within the grains of f .
HF-HNOy-HCL. X250.)

L9 - L8 per cent vanadium (B). (Quenched from 500°C,
grain boundaries and within the grains of J .

HF-HNO3=HCL. X250.)

Etched with

T at the

Bteched with
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Pig.

50 = L8 per cent venadium (E). (Quenched from 600°C. Higher

megnification of Fig. 49, X500.)

51 - L7 per cent venadium (E). (Quenched from 900°C. Y at the
grain bounderies end within the grains of f . FBiched with

52 = L& per cent vensdium (E). (Quenched from 6259C. . (dark)
plus } (light). Etched with HP-HNO,=HCl. X250.)

53 = 5 per cent vanadium (E). (As arc-melted. J plus )

(continuous). Ftched with HF-HNO3~HCl. X250.)
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to Tand " is always primary to U s these three phases hsve been
related by the two peritectic horizontals, shown in Figure 35. A
thermal arrest was observed at 13560°C (Pt~Pt (10% Rh) thermocouple)
in an #lloy conteining 37 per cent vanadiumj wheress, an slloy con-
taining LB per cent vanadium showed neither thermel errest nor signs
of melting when hested to 1LLO®PC. Therefore, 1360° has been taken
a8 the incongruent melting point of ¥ (Al-V).

£lloys in the renge of 50 to 70 per cent venadium were observed
1o become partislly molten at 1670°C (optical pyrometer), and this
hag been teken as the incongruent melting point of o (Al~V). Thermal
date ss well as other data sre plotted in Figure 35.

The microstructures of the arce-melted elloys in the high slumi-
num portion of the gystem gave an esrly indicetion of still more
peritectic complexities. PFigure 57 shows primery dendrites of

¥ (A1-V) surrounded by two other phases. Partisl annealing of this
alloy incressed its complexity, since four phases now zppesred (Figure
58)3 the phases designsted ss X (Al-V) and Y (Al~V) seem to have grown
at the expense of Y (Al~V) and (Al), the metrix phesse. That this is
an approach towards equilibrium was verified by later experiments,

Thermel snslysis in the range of 5 to 20 per cent vanadium
showed three distinct thermsl srrests =t 659°C, 685°C end 735°C;
685°C and 735°C heve been tzken ss the incongruent melting points
of X (Al-V) and B(Al-V) respectively, and 659°C is the melting point
of {Al). The results of the thermsl analysis using chromel-slumel

thermocouples, are presented in Table 6 and plotted in Figure 35,



Fig, 54 = L5 per cent vansdium (E), (Quenched from 1100°C. 4 plus
¥ . Etched with HF-HNO3-HCl, X250.)

Pig, 55 = 43 per cent vanadium. (Furnace cooled from 800°C. ¥
(continuous, metrix) plus [ . EBtched with HF-HNOHCL.
X250, )

Fig, 56 - 42.7 per cent vensdium, (Quenched from 900°C. Small
crystels of J in § matrix. Xtched with HF-HNOy=HCL.
X250,.)

Fig. 57 = 19 per cent vanadium. (As arc-melted. Primary dendrites
of Y (grey) with\,B(vhite patches) with (Al) metrix,
Etched with KOH. X500.)
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As usual, peritectic srrests are obtained with much grester clarity up-
on heating than upon cooling,

A series of alloys, which have been homogenized &t various tem=
peratures end then quenched, serves to 1llustrate the resctions which
oceur in high aluminum regions of the system. A 36 per cent alloy
remains essentially unsltered up to 710°C (Figures 59 end 60); upon
erossing the peritectic decomposition temperature (735°C) of \ﬁ (Al=V),
the slloy shows signs of melting (Figure 61), There is & redicel
chenge in the shape snd the relstive amount of 7 upon crossing the
735% horizontsl since Pde@ammms to give liguid plus more Jf .

Upon further heating, the slloy continues to melt and the grains of
grow quite large (Fipure 62); slso, the solubility of [ (Al-V) in the
melt incresses at higher temperatures, as shown by the change in the
ratio of § to liquid between Figures 61 and 62,

A similer sequence occurs for a 32 per cent alloy (Figures 63
end 64); and an elloy conteining 27 per cent vensdium shows that
\B (A1-V) is completely decomposed st 750% (Figures 65 and 66).
Finally, the radicsl difference bhetween Figure 16 and Figure 67 leaves
1ittle doubt that the thermel arrest observed at 735°C is associated
with the incongruent melting point of B3 (Al-V),

Alloys containing o (Al-V) and 75 (Al-V) stert to melt at 6859C
and show only ¥ (Al~V) plus melt at 750°C (See Figures 68, 69 and 70).
In lieu of testing the samples under polarized light, ¥ (Al-V) and
£ (AL-V) mey be essily distinguished by observing that crystals of

b (A1-V) retain their sharp corners when in equilibrium with the melt



Fig. 58 « 19 per cent vanadium. (4nnealed 75 hours st 600°C and
furnace-cooled, ¥ (grey) plus 78 (1ight grey) plus (A1)
(gouged end pitted)., Occasional white patch is o .

Etched with KOH, X500.)

Fig., 59 = 36.3 per cent venadium. (Quenched from 625°C. ¥ (dark)
plua% + Bteched with HF--H%OB*HCI. X250.)

Figs 60 = 36.3 per cent venadium. (Quenched from 710°C. ¥ (dark)
plus 7[? « Etched with HF-HNO4-HCl. X250.)

Pig. 61 = 36.3 per cent venadium. (Quenched from 800°C, ¥ plus
quenched liquid (rough). Etched with HF-HNO4=-HCl, X250.)
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Fig. 58
Fig. 59
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Teble 6. Thermsl Analysis with Chromel-Alumel Thermocouple

P % (A1) oK (A1=V) S (A1-V)

Comp. Heating Cooling Hesting Cooling Heating Cooling
Wi v 663 737
| 662 69l 737
662 658 694 682 732
658 696 735
w04 v 658 686 679 737
660 658 684 681 132
660 686 737
662 660 696 681 739
18z v 6612 688 68L 733
2%V 6628 69k 683 726
692 677 726
694 726

398 v

80110y thought to show & pseudo-thermal srrest due to peritectic
reaction,
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Pig.

Fig.

Fig.

62 ~ 36.3 per cent vensdium, (Quenched from 1100°C., ¥ plus

gquenched liguid {rough), BEiched with W—HN%-HCI. X250,)

63 = 32,7 per cent vanadium. (Quenched from 6259C. ¥ (dark)

plus 73 + Etched with HF~HNQ3~HCJ.. %250, )

6l ~ 32,7 per cent vensdium. (Quenched from 1100°C. [ plus
quenched liquid (rough). Etched with HF-HHNO4=HC1, X250.)

65 = 27.2 per cent venadium, (Quenched from 625°C. ¥ (derk)

plus 78 + BEiched with HF«H?%Q3~HC§1. X250,)
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Fige. 66 ~ 27.2 per cent venadium. (Quenched from 750°C. ¥ (dark)

plus quenched liquid, Etched with HP-HNO3-HCl, X250.)

Fig. 67 - 23.8 per cent vanadium, (Quenched from 750°C. ) plus
quenched liquid (rough). Unetched. X250.)

Pig, 68 - 17.7 per cent vanadium, (Quenched from 525°C. B (light)
pluﬂ °< [ EtChﬁd With HF"HHOB“&CI: 1250.)

Fig. 69 = 17.7 per cent vanadium. (Quenched from 710°C. JBplus
quenched liquid (rough). Biched with HP-HNO4~HC1.
X250,)
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while crystals of 77(A1~?) become gpherodized, In this regerd, the
sequence shown in Figures 71, 72 and 73 gives further evidence; the
profiles in Figure 72 strongly susggest a random orientstion of single
crystals with & definite geometricsl form. When the eluminum matrix
of this sample was dissolved in NslH, these crystals were indeed
found to be hexsgonal prisms with well-defined faces; one of the more
perfect specimens was mounted for the space group determination of

B (A1-V) reported below,

The series of quenches performed on the 6.3 per cent alloy shows
no deviation from the patitern already established (Figures 14, 7L and
75). Many other samples were exemined in this region and throughout
the entire system, buit since they provide only complementary informa-
tion it was not thought necessary to present them here, In all, 235
samples were examined under the microscope and of these 67 were veri-
fied by X-ray enslysis, The resulis of the thermel, microscopic and
X~ray investigetions on aluminum-vanadium slloys ere in good agreement.
A summery of the X-ray and thermsl desta is presented in Figure 35
against & backdrop of what is to be the proposed phase diegram for

the system.



Fig.

Fig.

Fig.

Fig.

70 = 17.7 per cent vanadium. (Quenched from 750°%C. ¥ plus

quenched liquid (rough), Etched with HF-HNO4-HCl, X250.)

71 - 10.1 per cent venadium, (Juenched from 625°C. o/ (smooth)
plus (Al). Etched with XOH, X250.)

72 - 10,1 per cent venadium, (Quenched from 710°C. 3 plus

quenched liquid (rough). Etched with HF-HNOy=HCl. X75.)

73 - 10,1 per cent vanasdium. (Quenched from 750°C. Y plus

quenched liquid (rough). Etched with HF-HHGB-HCI. X250, )
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-

72

Fig.



Fig. 74 = 6.3 per cent vanadium. (Quenched from 710%C. Large
crystal of Bin quenched liquid. Ktched with
HFMWQB-HC].. X250)

Fig. 75 = 6.3 per cent venadium. (Quenched from 750°C. Large
erystal of Jin quenched liquid. Ftched with
HP-HNO4~HC1. X250.)
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C. Atomic Nature of the System

1. Introduction

The discussion of the nature of the system on the stomic scale
is likely to be the most nebulous of all asince the peth from what is
moasured to what is reported is quite devious. However, informstion
about crystel structure is often closely related to the microscopic
and macroscopic properties of an alloy., Hence it is profitable to
exemine the entire system sgein: this time from the viewpoint of
stomic arrengements.

It would not be preactical in the present investigation to deter-
mine the exsct configuretion of each atom in easch phase since this
requires a large amount of time and & high degree of specialization,
However, surveying the system a3 & whole gives one advantsge that is
not slweys availeble to a erystellographer: & besic relation exisis
between the structure of a phase and its neighboring phases. Some of
the coordineting links between nelighboring phese structures sret sube
stitntional solid solution, nueleation and grain growth, diffusion, and
the applicetion of Brillouin gons theory to phase structure (3h).'

Therefore, it is the purpose of this section to first describe

8In meking en Xeray investigation of the Al-Cr asystem, Bradley
and Iu (35) found nine intermediste pheses. The powder patterns of
each of the phases were remerkably similer in thet the strong lines of
one pabttern could be almost superimposed on each of the others. Brad~
ley commented on this situstion by seying that phase formaiion cennot
be expected to entsil eny greest resrrangemeni of the atoms in the
neighboring phases.
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what is known about the individual pheses and then to synthesize a
probable transition mechanism from one phase to the next.
In estimating the number of atoms per unit cell from the messured

density, the following formules will be used:
- DV

n W

where n = number of atoms per unit cell

D= density

V = volume of the unit cell
A = Avogedro's number

W = s&versge atomic weight of

the density specimen,

®hen an alloy containing 10 to 30 per cent vanadium is slowly
cooled from 900°C in vacuo, it develops a troublesome porosity either
from eveporation of eluminum or shrinkage upon freezing. Although
such en alloy is often unsulteble for the determinetion of microstruc~
ture aor physicél properties, it lernds itself nicely to single crystal
work. The surfzce of & vacuumecast alloy in this percentage range is
covered with a grey powder containing many sparkling points which
resolve under & low-powered microscope into well-formed single crystals,
Because of the peritectic complexities already described, it is pos-
sible to have many phases in a alowly cooled alloy. Hence, the phase
to which a single erystal corresponded could not be deduced from the
overall composition of the.&lloy, No single crystals of .| (Al-V)
were sveilsble. Crystels of o (Al=V) and | (Al-V) were obtained from

a slowly cocled casting, and & crystal of ¥3(51~V) was isolated from
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8 microstructure specimen (see Fig., 72) by chemical means.

(a) ¥ (a1-V)., The most plentiful type of crystal to be found
in slowly cooled castings of 10 %o 30 per cent venadium is a long,
regulsr, quadrenguler prism. These crystals usuelly occur in dendrites
or pine-needle clusters from which they may be separated with tweezers.
Pull rotation of & typical specimen in Cu K radistion showed these
erystals to he AlBV. This compound, as determined by Brauer (13, p.
210), beloage to spsce group B&E - Fli/mom and & structural model is
shown in Figure ?5. The best lattice constants sveileble from Table
L are 8o = 5,3434% and co = 8.32572 (faceucéntered tetragonel cell),

The atomic positions sre as followst

LY &t 0005 57 0; 7055 055

LAL 8t 003 333 5005 00

sn wiiBaQibs @1 ¢ i),

The distence of closest approsch both for Al<V and Al-Al is
2.67%; therefore the sluminum and vensdium atoms in Figure 76 and all
other structure models are drawn with the same relative size. Then too,
the problem of structure determination often resolves itself into the
packing of idealized, hard-shell spheres in a polyhedron on & trial
and error basis., Hence, & knowledge of the sisze of the spheres
eliminates ﬁany of the possible arrsngements, and 2.672 will be adopted

a8 the best working spproximation for the dismeter of the aluminum and
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Fig. 76 Structure Model of M_BV
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venadium spheres,

The measured density of 3.571a for Aljv gives 16.01 atoms per
unit cell. This was alresdy known from the structure determination,
but it gives confidence in the use of density in determining atoms

per unit cell.

(b) o (81-V), After much probing in & high~aluminum casting
which wes slowly cooled in vecuo, & amall octshedral crystsl was iso=-
lated and mounted so that one of its long sxes wes parallel to the axis
of rotetion of the gonlometer. Oscillation and rotation pictures showed
that this crystal wes face-centered cubic with a, = .58, The fol-
lowing systematic absences were noted in the full-rotation picture:

(h k o) except for h+k = ln.

(h h Q) with h+Q= 2n+1,
The space group is, therefore, either Tﬁ - ¥d3 or Gg - Fd3m. Cere-
ful inspection of oscillation photogrsphs showed that the axis of
rotation had only & 2-fold symmetry, and on this basis, Th ~ Fd3 has
been teken as the correct gpece group., However, aothing could be
determined about the chemical ¢omposition of the crystal without
guantitative intensity dsta.

During the course of a liquidus experiment, however, a small piece
of vanadium was lnedvertently ellowed to sit in a crucible of molten

gluminum for several days and efterwsrds it was found that the vane-

Btnterpolated from Figure 9.
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dium had completely reacted with the aluminum. The contents of the
crucible were dissolved in concentrated sodium hydroxide, end the only
residue was & émall homogeneous pellet (3 grams) that was neither
sluminum nor venadium. This pellet was crushed, and the X-reay pattern
indexed as & face-centered cubic cell with a precision lettice con=
stent of 1i.5868. Chemical analysis of this materisl showed the pel-
let to contain abeut 12 per cent venadiuwm. In other words, the small
octehedral crystel was now pinned to a definlte portion of the alloy
system: the o (Al-V) phase which was described in the microscopic
nature of the system &8 being optically inactive under polarized light.
The number of atoms in e unit cell could now be determined from

the densities of alloys in the renge of 12 per cent vanedium. An
important restriction is thet the number of atoms per unit cell must
be some multiple of four since the cell is face-centered cublct

W av at 7V Density Average At. Wi, n(celec.)

0.1 561 2.867 28.31 189.0

1.3 8.09 2.933 28.91 189.5
Therefore, there are either 188 or 192 atoms per unit cell, and there
ezre only & few possible formulae for each case. A cell with 192 atons
means L8 atoms per molecule end L8 stoms cen only be divided up into
Lii AL and 4 V or L4S Al and 3 V. Everything else is outside of a
reasonable composition range. Again, 183 stoms per cell means L7
atoms per moleculey 47 stoms can only be divided up in Lk Al end 3 V
or 13 Al and Ii V. Thus there are only four possible formulae, and

all but one of these are not allowed by the space group, rﬁ - Fd3.
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That is, symmetry considerstions will permit only the molecule con-
taining Ll sluminum atoms and l vanadium atoms. Hence, K (Al-V) must
be Aly,V (simplest ratio) with 192 atoms per unit cell,

There are theoretically 33 different ways of arranging 176
aluminums end 16 vensdium in T% - Pd3, However, packing considerations
end rough intensity estimations will permit only the arrangement shown
in Figure 77. The 16 vanadium atoms occur in & tetrshedron of tetrae
hedrong; the atomic positions beingt

53 i diddd.
Inside of each tetrahedron of vanedium stoms is a smeller tetrszhedron
of aluminum astoms. Thls grouping eccounts for 32 sluminum atoms, since
the smaller tetrshedron is also repeasted in the four corners of the
unit cell not occupied by venadium tetrahedrons. The stomic positions
for the eight rluminum tetrshedronsg sres

oo }tordoyioth v

xgx; XXXy ok XAk %- (xxx; x¥X; XxXj XXx)3

where x =2 0.35 (packing considerstions).
The four corners of the unit cell not occupied by venasdium tetrshedrons
have octshedrons of aluminum stoms sssociated with the aluminum tetrae-
hedrons., In addition, there is an aluminum octshedron et the center
of the unit cell, which is repeated at the center of each of the twelve
edges of the unit cell giving s face-centered arrasy. These two group-

ings of octshedrons sccount for L8 aluminum stoms whose positions are:
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Fig. 77 Structure Model of unv
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1
3
4 (x00; 0x0; 00x); ﬁ. £ (%003 0x0; 00x);

11 1 11
(09035'5‘05 05‘30-2**2-)“"‘
where x ~~ 0.30 (pscking considerations).
In sddition, there sre 96 aluminum atoms not represented in Figure 77

with gtomlic positions involving three unknown parameters.

{c) y3551~v2. bs mentioned above in the section on microstruce
tures, & 23.8 per cent alloy showed one phage which wes optically ace
tive. Then too, it wag possible to isolate and mount & welleformed
erystal of this anisotropie mr\BpmﬁBe. The lattice constants were
meagured on a.Euefger precession cemers with Mo K« redistion; the
erystal was found to be hexagonel with a, 3 7.718% and Co = 17.153.
Precession and Weissenberg pictures of the reciprocal spece lattice
sbout ¢, gave C6-Lsymmetry et all levels. The Laue symmetry is thus
Dgye The following systematic extinctions were noted:

(hk-Qg none i
(hh 2) with P= 2nit/ .

Therefore, the possible space groups are D%h— C6/mme, Cé& - Cbme
or D%h - 0520. For these spece groups the number of stoms per unit
cell must be some multiple of two,.

The density (3.072) of the 23.8 per cent venadium alloy geve 55.5
atoms per unit cell., This in turn gave only one possible formule that
was permitted by the space groups: AL:V with 56 atoms per unit cell.

Unlike the situstion for «(Al-V), & unique pscking sarrangement

could not be determined for this structure on the basis of steric
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hindersnce or qualitstive intensities. Quantitetive intensity
measurements end the resulting Patterson vectors should give more

gtructural information.

@) d (Al-Y). The microscopic investigation showed that an
isotropic one-phase region existed near 56 per cent venadium. The
X~ray powder photographs of alloys in this range indexed a2s & hody-
centered cubic cell with a8 = 9.20?2. Density messurements on sever;l
slloys in this region geve approximetely 53 stoms per unit cell which
meant that the cell actually conteined either 52 or 54 stoms. (Body~
centered cells contain two molecules), Since single crystsel data
were not avallable, no unique space group determinsztion could be made.
However, 1t wes known that the structure must conform to some sort of
& super lattice since g, was exactly three times &s long as 8, for
(V), end the strong lines of . (Al-V) were the body-centered lines of
(V). Thaet is, the (110) line of (V) wss the (330) line of d (Al-V).

A survey of the literature suggested thet 4 (Al-V) belonged to
the 7 -Brass type of structure of which there are 32 known repre-
sentetives., The cell conteins 52 atoms and belongs to the space
group Tg - IEBm. Symmetry considerstions will permit only three pos«
sible formulaes Algvh, Alsvs, and Al.Ve. A17V6 end AlgV), seem to be
almost outside of B reasonable composition renge, but there 1s no
Justification for assuming thet the theoreticel formula composition
mast fall within the one phase region. Then too, AlgV) might be

isomorphous with Alheug, and A17V6 is theoretically favorable since it
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has an electron to atom ratio of 21 to 13.

Intensity calenlations heve been msde for the possible formulae
in order thaet a unlque formuls mey be chosen by comparison with the
relative intensities of a powder photogreph., The results are shown in
Table 7. The space group permits two possible arrangements of
A.la?g; the pri@cl formala corresponds to the arrangement shown by
Alsar55 which has a distorted ¥ ~Brass structure (33, p. 30), &nd
the unprimed formale corresponds to the errengement of the ZnaAgg.
The structure that is isomorphous with Zx:aAgg gives the best fit to
the observed powder intensity of a 58 per cent venadium alloy.® For
the apke of comparison, the powder intensity of ZngAgy (36) is
included.

The slightly idealized structure of  (Al-V) is shown in Figure

78. The stomic positions sres
| 8V at (m;t%%%)+m;m;m;m;wherex= %;
8 Al st (0003 %% ;’) + xxx3 xEX; ExR; FRx; where x = 0,353
12 v st (000} %%%} 4 (x00; Ox0; 00x); where x = 0,363
2L AL st (0003 %%%) + XXz} 2XX} XZX} XXB; GXKj XX}
®xB; BxX; FuX; g3 Ix; XEx;
where x = 0,313 z = 0,05,

&The numerical intensities shown have been calculsted by an
approximsetion method used by Bradley and Thewlis (32, p. 684) in
the original structure determination of ¥ ~brass., A vansdium atom
has spproximetely 1.8 times the scattering power of sn aluminum
stom. A numericel intensity sbustentially greater than 1.0 should
correspond to a line on the film, however weak,
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Fig. 78 S8tructure Model of 518?5
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Table 7. Intensity Calculations for c((Alnv).
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2. Phase transitions

The structure of ¥ end J cen be visualized as evolving from the
solid solution phase, (V). When &n eluminum atom is substituted at
rendom in the body-centered vanadium lattice, it tends to surround
itself with certain preferred nesrest neighbors, All substitutional
gsolid solutions exhibit, to a grester or lesser degree, this tendency,
which 13 sometimes referred to &s short-renge ordering. If sluminum
preferred eight nesrest vansdium neighbors, it wuld elmost certainly
mndergo long renge ordering or compound formstion et 50 atomic per
cent aluminum.® This does not hsppen in this system (even in splte
of the favorsble electron to atom retio of 3 to 2) beceuse aluminum
prefers four nearest vanadium neighbors and four neerest sluminum
neighbors erranged tetrshedrelly., Hence if thed phese did not form,
the solld solution would slmost certainly undergo long-rsnge ordering
or compound formaztion by the time that there were three aluminums for
every vanadium. Indeed, Figure 76 shows thet ¥ (Al-V) is reslly o
distorted super-lettice with eluminum in the center of a small cube
end aluminum and vanadium shering tetrshedral corners; the whole
lattice hes been stretched in the z direction because every other
(0 0 R) plene contains only aluminum stoms.

o (A1~V) may then be looked upon as an intermediste stricture

between (V) and ¥ . Actuslly ss the atomic concentration approaches

8tnis actually happens in the sluminumetitenium system (31, p. 613)
where the Y3 «bress type of super-lattice is formed with an aluminum
in the center of a cube and titanium at each of the eight corners.
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50 per cent asluminum, the solid solution lattice undergoes long=-range
ordering; & large cube of 27 (V) cubes is formed which then loses
2 of its 54 stoms. One a2luminum from the center end each of the
eight corners of the large cube is lost, and the stoms rearrange
slightly to relieve the sirasin caused by the vacancies (see Fig. 78).
It is significent that the small cube in the center of Figure
78 is exsctly the structural kernal thet occurs in o (Al~V): & small
tetrahedron of aluminums sssociated with a larger tetrahedron of
vanadiums (see Fig. 77). The octahedrons of sluminums in Figure 77
can be thought of as the remains of the face-centered (Al) lattice
which has been distorted in the formation of the giant unit cell of
A (Al=V). |
Unfortunetely, sufficlent structural informetion concerning
P (A1-V) has not been obtained to determine even the positions of
the venadium stoms and no comparisons cen be made with its neighbore

ing structures,
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VI. DISCUSSION AND SUMMARY

The binéry alloy system of aluminum snd venadium hes been inves~
tigated by thermal, mieroscopic, chemicel and X-rsy methods. Density
and & few of the other physical properties are reported. In general,
thermal, microscopic and X-ray deta are in good sgreement concerning
the nature of the slloy system; however, an uncertsinty in chemical
composition was introduced by the difficulty in prepsring homogeneous
samples.

An essentislly complete ploture of the room-temperature phase
relationships hes been presented. The phase boundaries and Xerey prop-
erties of the six single~phase regions are given together with the
interelations which exist smong these phases on the microscopic end
atomic scales. The four intermediate phsses appesr to be peritectic
in neture which mey account for such unusual mscroscopic behavior as:
eold-worked slloys becoming herder upon snnealing, arc-melted alloys
exploding upon cooling, and cast alloys from 20 to LO per cent vana-
dium being pourous and frisble, Also alloys between 15 and 70 per
cent vanadium can be crushed to 300 mesh powder without signs of cold
work.

Much of the datea accumulated from this work and from relisble
references is summarigzed by the phese disgrsm proposed in Figure T9.
The liquidus up to 1100°C is teken from Mondolfo (1L, p. L8),who

reported some information on the solubllity of vansdium in liquid
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aluminum. From 1100°C to 1800°C, the liquidus is sketched in to con-
form with the optical pyrometer deta and the horizontals at lBéO°
end 15670°C. _

The one-phase regions for X (Al-V) and B (A1-V) are represented
83 vertical lines for want of experimental evidence to the contrery.
¥ (Al-V) and J(Al-V) have been given finite solid solubility ranges
st low temperstures, but the exect extent of these solubilities is
urknown. On & greph of 1/T°K versus log atomic per cent, the solvus
for (V) (obtained from Figure 28) gave a straight line which could
be extrapoleted to 16?0903 This extrepoletion gave 8l.7 weight per
cent vansdium for the terminal solid solubility point which is in
good sgreement with the microstructure value of 65 per cent. One of
the phese boundaries for the J phese hes been drewn with a full line
to express a degree of confidence in its locetion., This line between
d end Y plus (V) is somewhst restricted in its locstion by the fact
thet J(AL-V) is & super lattice of (V).2® The phase boundary between
o[ #nd T plus S hes been sketched in to conform with the microscopic
evidence.‘ Finally, the solvus for (Al) may be drewn eccording to the

work of Roth (12, p. 359) or the method proposed by Fink end Freche

8he lattice constents of (V) in the two-phese region will be
exactly one-~third the corresponding latitice constents for o (Al-V).
Hence, Figure 28 has been extended to inelude the probable locstion of
the phese boundery between d and o plus (V). If AlgVc is the highest
melting composition in 4 (Al-V), the lattice constant” versus compo-
gition plot for J may be anchored at 1670°C., This plot is further
restricted by the lnmown positions of the two-phese regions from
the microstructures,
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(37)s on the scale used in Figure 79, the difference between these
two methods 18 negligivle,

& survey of the system on en atomlc scale provided an unam-
biguous formula for esch of the intermediate phases, In sddition, the
crystal symmetry found for esch phase was in good egreement with
microscopic and mecroscopic properties of each phase. That is, the
“hexsgonal and tetrsgonal pheses showed optlcal activity under polariged
light while the cublc phase did not. Then, too, o , .5 and Y which
were cubie, hexsgonal and tetragonsl respectively, formed octahedral,
hexagonal end tetragonal single crystels respectively. Finally, a
correlation of phase structure was presented which wes keynoted by
the meference of sluminum for four neerest vanaiium neighbors and
four neerest aluminum neighbors arranged tetrshedrally snd also by
the merked tendency toward super-lettice formetion,
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