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ABSTRACT

An investigation of the low temperature tensile propertieé of
vanadium single cyfstals was carried out, ﬁsing.zone-refined metal.

Single crystals of predetermined axial [llQ}orientation were
grown by a melt, solidification technique, using an electron beam,
floating-zone refiner, Tensile specimens were prepared from these single

crystals, |
| A plot of yield stress versus test temperapure was found to be
discontinuous and consisted of two curves which intersected at -125° C.
The plot of log yield stress versus reciprocal temperature yielded two
straight lines which also intersected at =125° C.

The slip system was identified as <§1£>{il%} , which is different
from that found for iron single crystals.

X-ray, metallographic and electrical resistance data indicate
that ﬁhe phenomenon is primarily a yield point effect, The results of
tensile tests performed on single crystals at a veryulow strain rate,
and on polycrystalline svecimens indicated that phe temperature dependence
of yield stress is itself orientation dependent,.'

Three possible explanations of the unusual temperature dependence
of_§i;1a}stress are givens:

(1) A change in deformation mechanism occurs, for example,
from slip to twinning,

(2) A minor ordering reaction occurs.

(3) A change in the mechanism by which dislocations are unlocked
from their atmospheres occurs; for example, two impurity
atmospheres surrounding different dislocations, each impurity
showing a separate temperature dependence of yield stress,
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.THE TENSILE DEFORMATION OF PURE VANADIUM

SINGLE CRYSTALS AT 1OW TEMPERATURES

I, INTRODUCTION

The increasing demand for matefials suitable for extreme
elevated temperature service has directed investigators to many new
fields in-recent-years, '  Exhaustive studies of ferrous and non-ferrous
alloy systems-have been made, yielding materials which fall far short of
the stringent-requirements-of the high temperature field. 'More recently,
the fieldsVof"ceramics,wcermeté‘and'refractory'metals~havewcome“intO‘the
~ foreground. -Although-preliminary results are very encouraging, these
fields are'sbili‘in”infancyg“and'a*great“dealmof“fundamental-work“iS‘rew
quired before~awclear"understanding'of*the~behaviour'of“these:materials
is atchieved-‘:,-"“‘Th.:i;ainvest,:i.gation-isvpart,“of'z-l-~prograx_nme~‘concerm‘:ﬁg--t.he-bev=
haviour Qf*refractory metals; - More speéifically, it'iSwawfuﬁdamental
study of -the tensile properties of vanadium metal,
Vanadium-me£a1~ha3'been an artiéleiof'commeree for several yearsl,
used pfinéipaily'as‘a“ferfous and“non«fgrrous alloyingvaciditibno .TWo
serious limiiétions prevent“its~exténsi%ehuse‘33’a~refractory-base=metalﬁ'
it has gwiéw meliing"ﬁoint (1900 z 25QC)'relative-to many~§ther refractory
 metals and;“mofefsgriqusg'thewoxideLwhich~forms*on“thewsurféce of vanadium
and ductile vanadium-base-alloys "has-a melting-point of §75°C.2“It"is still,
howevef,*a*metal"of“interest“because“of“itS“relatively 1QW“density““

(6.1 /ee);~its-high-electrical resistivity;-its-good-chemical corrosion

" up to 500‘C;;and'its~relative“abundance,3’A.



A survey of the literat;re indicates that, despite the interest in
vanadium, surprisingly little is known of its physical metallurgy.

The objectives of this work were to study the temperature de-
pendence -of the tensile properties, and ductile-to-brittle transiﬁiop
behaviour- of high purity vanadium single crystals and polycrystalline
metal, It was proposed to perform these tests at various strain rates,
and independehtly to evaluate in this manner the effect of strain rate 6n

the low temperature tensile properties of vanadium, -



II. A REVIEW OF PREVIOUS WORK

fhe pronounced transitiqn from ductile-to-brittle behaviour is
ﬁost common- in metals having the body-centered cubic structure, primarily
because these metals exhibit a stroﬂg temperature and strain-rate de-
pendence of yiel,dlstrengt.h°

The~conditiop for the occurrenes of brittle or cleavage failure
is that the yield strength must exceed the cleavage fracture strength,

a condition which may-be broughtmabopt~by~lowering~the temperature or
increasing the strain-rate, -

Wste13A“haSWreviewedmthe~1iterature"concerning"the‘thqoretical
aspect'ofwthe~ductileatoébrittle“transition“and'has~éummarized it in the
following manner. ' -

Cottrell and Bilbyzo»and”Fisher11 describe yielding as the break-
ing away of dislocations- from atmospheres of impurity atoms, which it is
believed tend to form as a result of the migration of interstitial and
other impurity atoms to the vicinity of dislocations,-and there to exert
a 'locking® ~effecton such dislocations:  This concept of yielding does
not require any prior plastic deformation. Since pre=yield plastic -
strain does occur; the concept of catastrophic yielding resulting only
fromjthe“breaking‘loose"of“géggs;Read sources ‘from-pinning atmospheres
cannot adequately ‘explain the yield phenomena encountered in body-centered
cubic metals,

| It is believed that the pre-yield plastic strain is due to the
breaking away-of-an-appreciable-number of-dislocations-prior to the
elastic limit;““These-dislocationSWare~subsequently"piled~up~on-grain

boundariés,-impuritynatomé-or'other-barrierso



At high temperatures, the yield point is the result of the piled
up dislocations being released, and more dislocation sourcés breaking
away from anchoring atmospberes, resulting in the cataclysmic release of
dislocations ﬁﬁich céusas thevioéd to drop and results in ﬁhe famiiiarl
upper and~low§r yield points, » | |

At 1ow.témperatures, the stress iével Just prior to yielding is
very high, and, because of the iﬁcreased resistance to plastic deformation,
higher localized stresses are required to enable piled-up diélocétions to
break through or away from barriers, As a result, high 1écalized stresses
can exist in front of piled up dislocations. These stresses can, in
-fact, be so high that they exceed the cohesive strength of the metal, and
result in microcracking, Where material is more favorably oriented for
flow, the-piled up dislocations can result in plastic defofmation. Buring
the subsequent—abrupt yielding, the microcracks grow in“size'énd'number,
and eventually a stable'qfaqk'forms which will propagate-and result in
brittle failure.

The ‘abruptness-of-the- transition from a flow-producing yield to a
qrack—producing'yield is-deﬁen&ent-on the particular metal and its
chemical -and metallurgical condition.

Inwgenefal,'most'bodyacentered*cubic'tranéitionwmetalsquhibit a
higher teﬁdency=for“sharp~yiélding~at 1ow‘temperatures;“*Among‘ﬁhe~metals
which exhibit this phenomenon are'vanadium, niobium, chromium, moly-

Tontalum
bdenum, tungsten -and- iron., -Fanbald

haé“not“shown“brittle“behaviour in-
tension as low as' 4.2°K, Thére'are'large~variationé“in“transition
témperatures» er_xcoqntered and many'vafiables appear to have a large
igflﬁehcea

The-most important information- contained in the 1iterature con-

cerns the: influence on properties of the intrinsic contents-of the im-



purity elements; hydrogen, nitrogen, carbon and oxygen. A limited
amount of published data éxists concerning the individual effecté‘of*these
impurities, with the exception of hydrogén, for which more data is

available,5’9o

. . ;M\uurﬂﬁég’ E .

The term 'interstitial impurites' will be applied ‘to hydrogen,
nitrogen, carbon and.bxygen in the text which follows,'althoughFit'is
recognized that oxygen is normally a substitutional impurity,

A considerable volume of results based on studies of the tensile
and 1mpact~properties~of'%anadium~is~now available in'thefliterature,
although~th§~results~are”contradictory.andwinconclusive in-some cases., -
This is dueWIargely"towthe“fact“thatmthe-ﬂateriaiS“usedWin“eachicase”were
of different”purities,“andvthe“reéultS“cannotg'therefore,‘be“comparedTOn
a rigorous basis.

All“previous‘investigations with the*éxception~of~thehwork by
Loomis énd*Carlson9*wergmcarried~out~ﬁsing‘a commesrcial or sub-commercial
grade of metal; and“one~paper5*repofted the “effect -of ‘contaminating -

. commercial vanadium with hydfogen, ‘Typical analyses of materiﬁllusedxby
previous workers is given'in Table I, It is clear from the foregoing
discussion that the purity of the metal must be known if the results are

to be of value.



TABLE I

© TYPICAL IMPURITY CONTENT OF VANADIUM METAL USED BY OTHER INVESTIGATORS

Ref, Type C(wt%) N(wt%) o(wt%) '.H(wt%) Fe Si Ca 4l W Ref,
3 Arc Melted 0,09 0.07 0.057 0,000 0,005 0,005 0.02 3
l, Bomb-Reduced - .03-.07  .02-.04  ,05-.12  .001=,004 | L
5 Bomb-Reduced ~ 0,2 0,01 0.02 0,003 - 0.015 0,01 0,02 5
7 Bomb-Red Extruded .13 .009 .03 002 0.2  0.05.- 0,1 0,1 7
8 Bomb-Reduced .036=.047 ;OK7-.083 .030-,070 .0028-.0059 8
9 Bomb-Reduced .08 .02 02 006 0,02 0,02 0,02 9
9 Crystal Bar o2 .005 .01 .001 0,02 0,02 0,02 9

10 Arc Cast . | .629-,094 .032-.060 ,043-.110 ,001-,004 10



The tensile properties of vanadium, in common with other body-
centered cubic-transiﬁion metals are sensitive to a number of factors,
including the intersfitial content Qf the m;tal, the type and alignment of’
the specimen in a tension test, the strain rate and the-type of testing
machine used, - In general,’an'increase“in the interstifial content or
strain rate increases the &ieid strength of the metal, A 'soft® tensile
machine; such as a heavy hydraulic unit tends to give a lower value of
yiéld strength,lo'since the ﬁpper yield point may be suppreaaed‘byhﬁhe
internal motion of the machine. A ‘*hard! machine such as one having a
screw-driven -cross-head does not tend to suppressyielding phéﬁomsn;°u
The other major-factor involved is the‘alignment“of~the'specimenalo’ Mis-
alignﬁent;‘which~is more difficult to avoid with sheet specimens than k
cylindrical", ‘shouldered specimens, will also céuse suppressien ¢f ' the yield
phenomenon, - For these reasons, probably less significance should be
attaghed to strength values reported which are based on data ébtained from
s&ft machines using sheet spgcimens or whére é’ particular attention was
i)_é;.id to spécimen-'" alignme»nt-througbthe'use Aof a universal=type of
gripping'mgchanisnu"This applies especially to investigators who used
sfandard bémbéreduced"vanadium'of*normal*impurity"qontentg and reported
considerable ductility*with no heterogeneous yielding'phenoménon;l;s'

PreviouSWinvﬁstigationS“of the variation of tensile propertieé
of vanadium"with temperature in-the range between 25°C and -196°C have
yielded éontradiétery results which may be roughly divided into three
cétegories:'(l) Thoée”shoWingwnqmabnormal"béhaviour,3’8’10 (2) those

showing abnormal~tempera£ﬁre'dependence~of jielding,-9

and (3) ‘those showing
556,59 |

abnormal ductility behaviour.



Considering the first group, PughB‘studied tﬁe tensile properties
of sheet specimens for eonstant strain rate ahd at temperatures between
78° and 1500°K., Specimens were cut‘fromfarc»melted;'rolled ana annealed
metal, of-the purity indicated ‘in‘Table" 1. Evaluatmn -Was’ made in terms
of ultimate tensile-strength; 0,2 percent yield strength, strain hardening
and rate sensitivity of the flow stressn He concluded that vanadium has
a ' temperature dependence of tenslle propertles whlch is characterlstlc
of body=-centered-cubic metals, with the follow1ng features° (l) a high
temperature gsensitivity at lOW'temperatures,L(Z)Ithe'occurrence of dis-
continuous yielding at low and 1ntermed1ate temperatures,‘and the appear-
ance of minima in strain rate sen31t1v1ty and elongatlon, and maxima in
strain hardening and strength relationshlp at- about VOO°K 1ndlcating
strain aglng behaviour, Clough and Pa’vlovic8 studied the flow, fracture
and twinning“ofdcommerclally pure-vapadlumgﬂ Tney performed tensile'tests :
in the temperaturefrange from 200°“tos=l96°0 1and5V=notch'Gharpy tests in
the temperature range 150° to »100°C Bomb-reduced metal of the purlty
indicated: in-Table I was used;:;Tensile“tests,;made“from round, threaded-
end specimens‘erhibited~a fiveafold increase in-yield strength (ueimg a
0.2 percedt“offeet);~a'three=fold~ihcrease~iﬁ-altimate5tensile strength,
and a ductilesto«brittle-transition over-this range~of“temperature,-as
shown in~Figure"1° The variation of yield strength was correlated to -

Fisher“s applicatlon of “the Cottrelleilby theory of yieldlng.ll

It
should be: noted ‘that-Clough and- Pavlov1c used a hydraulie tenslle machine, -
and any heterogeneous- yieldlng“phenomena~were-prob&bly-oascured ~Charpy
tests indi cated that both {100§Wand'i}l@}~are~active“cleavageﬂhabit planes,
Mechahical”twinsnwgremformed"by“impact*1eadingjatwteét*tepperatdreS“of"
=78°C and»lower;wfTheae‘twins~were~f6und"tOZOCCdr onA{llZ} planes;

apparently only within one or two‘grainS‘df'a cleaved surface, .
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Farrell has recently published a paperlo

concerning the properties
of unalloyed vanadium consolidated by vacuum consumable-electrode arc
melting, hot extr;usion and cold working., The results presented include
short-time tensile properties for bar and sheet in the temperaﬁﬁre range
from 1100° to -196°C, yield point and strain aging phenomena, notched=bar
tensile properties, true stress-true strain curves, the strain hardening
coefficient and exponent, elastic modulus, workfhardening characteristics,
bend and-Ericﬁscn test data, and cryétal orientations determined by ¥-Ray
studies.,

The results of Farrell’s tensile tests are of wide interest,
partigularly with regard to yield-point phenomena. Almost all tests were
perférmed“using a BaldwinsLima-Hamilton Universal Testing machine, ILoad-
elongation curves were recorded autographically. In~ali cases, fully

cylindrical _
annealed-cyliné;igfspecimens-displayed distinct "upper 'and lower yield
points, whereas sheet tensile: specimens which~hadmbeenvgiven'identical
cold working~and'annealing treatment showed no evidence of similar be-
haviour. ~'The lack of a distinct &ield point for sheet specimens was con-
sidered to be due to (a) load eccentricity and/or (B)ffhe use of a "soft’
hydraulicﬂ'-tensile“ma‘chine° To resolve this problem the following tests
were made: V

Sheet-specimens of identical preparation-were tested in a ?soft’
(hydraulic-)“machine”'and"‘*a'Vhard"‘‘(Instron"-s'cre'w-"driven')”machiné° The
curves from-the soft machine showed no yield phenomena, whereas the curves
from the -*hard? machine showed distinct upper and lower yiel&npointéo
Specimens were then prestrained in the ?soft? machine to 3 percent-eldnga-
tion to remove any-eccentricity that may have-existed. - To relieve-the

stresses introduced by prestraining, the speéimens were annealed in the
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machine, under a load of 1000 to 2000 pounds per square inch. Subsequent
testing showed distinct, though slight, yield phenomena. It may therefore
be assumeéd that suppr?ssion of yield phenomena may be caused both by load
eccentricityﬂand'tﬁe use of -a 'soft’ machine, |

Consider now the second group of investigations (i,e. those showing

9 studied

abnormal temperature depehdence of yielding). Loomis and Carlson
the tensile properties of vanadium between room temperature and ~196°C,
The materials used were bomb reduced and crystal bar metal, of the purities
indicated in Table I, Figures 2 and 3 illﬁstrate the data of Loomis and
Carlson; Figure 2 for bomb-reduced metal,AandvFigure 3 for crystal-bar
metal, No-explanation - was given for the rapid ‘increase in-yield strength
encountered at -80°C for bomb-reduced metal and at =100°C for cfystal bar
metal, Further discussion of this paper will éppear later in the present
thesié with'“regard*fovthe-anomalousJductility"behaviour=encountered.'
A*consideration-"ofwthe“third“group*ofminvestigations“(iwea those
showing abnormal-ductility behaviour) shows that three-independent in-
vestigatogs5’6’9 found a ductile~brittle-ductile transition, that is, a
ductilitylﬁinimum. Roberts‘and-Rogers5-used cylindrical wire specimens and
foil specimens of“the-nqminal purity shown in Table I, After hydro-
genation to 0,042, 0,062 and 0,045 wéight percent hydrogen, the specimens
were tested in tension.- Thé“reduction'in-area-of the hydrogenated cy-
lindrical*specimens"shcwed-a-minimum‘at‘épproximately"roomwtemperature.;
Unhydrogenaxed’vanadium~shcwed'nO"sharp'Huctiliﬁy‘change'to ~196°C. - The
mechanism~whereﬁywhydrogenmcauses:thiswphenomenon;“according to Roberts:

6,13,

and Rogers;5“iS'not“aS'yetwuhderstood;“MAghuSson"and“Baldwin -evaluated
the effect-of strain rate on the ductility minimum”at’a"hydrogen“content of
80 parts ‘per million, and reported that-at high strain rates (19000 in/in/min)

no minimum is encountered, and at liquid nitrogen temperatures the metal
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sustains more thdn 30 percent reduction in area before fracturs, At low
strain rates (0,05 in/in/min), they report a ductility minimum at about
=100°C, with a subsequent recovery of the reduﬁtion in area to a value of

15 per cent at =-196°C, The results of these investigations5’6-ggeéonsidered
by some to indicate that the low ﬁemperaturo brittleness of vanadium‘may

be associated with hydrogen embrittlement, rather than ductile-to-brittle

- transition behaviour‘ol3 - ' ’

9

Loomis and Carlson’ found a progressive decrease in reduction in
area from room temperature to =70°C, and a fairly sharp transition of the
elongation curve between =60° and =70°C for bomb-reduced metal (Figure 2),
With crystal bar vanadium they found a sharp transition from ductile-to-
brittle behaviour for both elongation and reduction in area values between
=100° and =120°C°‘ They also found a ductility minimum for crystalsbar
vanadium at temperatures of =150° and -180°C. A comparison of the ductility
curves for the bombereduced and crystal=bar vanadium of lLoomis and Carlson
also gives a qualitative idea of the effect of purity on the transition
temperature,

Bend ‘test data on bomb-reduced metal obtained by lLoomis and Carlson?
showed a-sharp transition from ductile-to=brittle behaviour at =60° to =70°C,
in good agreement with the tensile data discussed earlier. At low temper-
ature a slight increase in ductility was observed, although not éo pronounced
as that observed for tension testé of "the crystal bar metal. Loomis and
Carlson also: used-bend tests to-evaluate the effect of interstitiqlg on the
transition-temperature, - Figure 4 illustrates these results,  Bend tests on-

the higher purity crystal bar material-showed that-the transition was below
-150°C.,
From the foregoing discussion, it is evident that the cause of the

ductility change found in vanadium (and other body-centered-cubic metals),
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and the effect that impurities, testing temperature and grain boundaries
have on it are not clearly understood. Tensile tests at temperatures be-
-tween room temperature and -196°C are rather exiguous and thé results of
different investigators are not in good agreement. Also, apparentiy no
investigation has been carried out previously using single crystals of
vanadium,

9

Of the work reviewed in this paper, only that of loomis and Carlson

8 is of use as a basis of reference in the

19395?7310912

and that of Clough and Pavlovic
present study. In all other cases mentioned either the range
of temperature studied was above room temperature2 or the data were not
sufficiently detailed between room temperature and =196°C,

Further reviews ef previeus werk used im the analysis ef the data

ebtained in the presemt werk will be made in the apprepriate sectien eof the

thesis,
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ITI. EXPERIMENTAL

A, MATERIALS

The vanadium used in this investigation was supplied by Union
Carbide Metals Company and was prepared by the quﬁﬁ reduction of v;og-by
calcium?.- The as-received material was analysed for interstitial im;

purities, with the results shown in Table II.

TABLE II

ANALYSIS OF AS—RECEIVED VANADIUM

Element Wt%
c 0.0275
ﬁ 0.0048
0 0;0510
H | 0,00032

The as-received metal was in the annealed condition, and metallographic
examination showed the presence of a second phase which resembied in all

characteristics a phase identified by Clough and Pavlovic8

88 VZC °
The metal used in this investigation was taken entirely from one

production batch, and was supplied in the form of 1/4-inch diameter rod.

B, PURIFICATION
Purification of the as-received metal was carried out in a vertical
floaﬁingazone~electron bombardment unit similar to the one described by

Calverly, Davis and Leverlh.

1. Construction of the Zone Refiner
- The'zone refiner was built entirely by the technical staff of the

Department of Mining and Metallurgy of -the University of British Columbia,
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and the details of construction and assembly are shown in Figures 5 and

60

(a) Power Supply

The power supply consists essentially of a 2300 volt d.c. power
supply, with a current stabilizer. It supplies 2300 volts d.c. at 300
milliamps (i.e, 690'watts), The circuit details,; as well as suggested
modifications are given in Appendix II. A relay is incorporated to cut
off the power in cése of overloéd. The cathqdé is sﬁpplied from a trans-
formef delivering up to 10 amps at 1l volts from a Variac-controlled mains
input,

Automatic cghtrql of the power input is attained by emmission
control, in which the bombardment current is kept constant by automatically
adjusting the-cathode temperature. - Manual control of the power input is
also possible, by direct connedtion~t0'thewcathode supply variac. Details

of the control system are shown in Appendix II,

(b) - -Furnace
It is convenient to ground the specimen and to operate the cathode
at a high negative potential;, and the cathode -leads and beam-forming plates
mst therefore be electrically insulated from each other and from the rest
6f the'épparatuso |
| The electrode system is-suspended inside a 2=foot long by 7-inch-
diameter pyrex tube; "and is attached“tO“the“tép“plate“by~thewmain support
rods (10,  Figure 5). Movement'df'the”specimen“iS'facilitated~by’an'O-Ring
vacuum seal*in“the~top'plate;'thfoughjwhichla central drive rod protrudes
(2, Figure 5), The drive-rod is connected to- the main crosshead  (8) and

specimen (1). ' The:whole assembly is pulled upward by a motor-driven gearing
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Figure 6. Photograph of the Assembled Zone
Refiner and Power Supply

arrangement (12) which allows travel speeds of 50, 25, 10, and 5 centi-
meters per hour,

The cathode or filament (7),the shape of which is shown in Section
A=A, Pigure 5, is made from 0,010 inch diameter tungsten wire, and is
attached by screws to the filament and beam-focus plate holders (5,
Figure 5), Connection of this type allows quick replacement of a broken
filament,- The purpose of the beam-focus plates (6) is to form a narrow
zone, which'is important if a uniform cross-section of the refined specimen

is desired.,
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The heated zone of the furnace is surrounded by a molybdenum
radiation shield (9) (Figures 5, 6,) to protect the glass and to reduce the
radiation glare. Provision for viewing the specimen is made by mounting a
glass microscope slide in the front of the radiation shield,

The specimen is rigidly attached to the crossheads by screw=clamp
specimen holders (3), The specimen is-mounted in tw0‘séctions, so that
no lateral forces exist in the specimen,

VThe furnace is also equipped with a gas inlet valve, and suitable

gas pressure-measuring devices,

(¢) Vacuum System
The vacuum system in this apparatus consists of an Edwards liquid
nitrogen cold traﬁ in serieS with an Edwards 35 liter per second, two
stage mercury diffusion pump. This 'is connected to a Duo-Seal fore pump
(rated at 50 liters per minute, free air capacity) by a one inch diameter
high pressure hose. -This system provides ‘an operating vacuum of 1075

millimeters of mercury, after only 15 to 20 minutes of pumping time.

2. Operation of~the“Zoﬁe Refiner
The- specimen is mounted in two sections in the manner previously
described  so that fusion does not cause a lateral deflection of the specimen.,
When the desired operating vacuum has been reached, the filament
is heated-to-a-high temperature and allowed to outgas for a period of ten
to fifteen minutes. -The high voltage is then turned on-and the specimen
is heated slowly, thereby allowing surface outgassing to take place. - The
two sections are then welded together, ' The specimen may then be zone-
refined.  Care must  be exercised in choosing the correct voltage and current

settings, so that a stable molten zcne is assured. Because of the high
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vapor pressure of vanadium at its melting point, it was necessary to open
the system after gacb»pass and remove layers of deposited metal from the
radiation shields aﬁd beam-focus platos,v It was also necessary to change
the viewing glass‘i;egulérly°

Eéch bar of>vanédium, eight inches long, was given five 2one-refining
passes. -The appearance of the metal after 5 passes was a reasonably smooth

and’ very lustrous bar,

- 3. Purity of the Zoné-Refined Metal

The purity of the zone-refined vanadium bars was substantially
higher than that used by any previous investigator whose work is reported in
the literature. The results of analysis on three bars appear in Table 3,
Far reference purposes, these analyses are compared to that of very high-
purity crystal bar-vanadium prepared by Carlson and Owen30 using an-iodide
refining process. The two types of metal are of almost exactly the same
total interstitial impurity content; the difference lies principally in

carbon and nitrogen,

TABLE III

COMPARISON OF HIGH PURITY VANADIUM METAL

Specimen Treatment Wto % Impuritj
C N (6] H
As Received Bomb-reduced 0.0275 ' 0,0048 0,0510 0,00032
V-16 - ' Zone-Refined-5 passes 0,0066 0,0064 0,0090 0,00042
V=06 Zone-Refined-6 passes 0,0082. 0,0089 0.0060 0,0028
V-13 - - Zone=Refined=6 passes 00,0056 00,0091 00,0050 0,0006
Ref, 30 Iodide Refined 0,015 0,0005 0,004 0,001

The zone-refined~mctal is also compared in Table III to the assreceived

material obtained for this investigation. The impurities most effectively
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removed are carbon and oxygen, while nitrogen and hydrogen concentrations

do not appear to be appreciably affected by zone refining,

C. SINGLE CRYSTAL GROWTH AND ORIENTATION

Single crystals were grown in the zone refiner, using a melt-
solidification-zonesrefining technique. Zone-refined bars were seeded with
a vanadium single crystal rod whose axial direction was Clldl . This
crystal was obtained by preferential growth during the five-pass zone-
refining process of one of the bars, After one pass, (giving the bars,
effectively, six zone-refining passes) the crystal was examined by the
Laue back-reflection X-Ray technique to be certain that the bar was, in
fact, a single crystal over the whole length, Figure 7 shows five single
crystals grown by the above technirue, while Figures 8 and 9 show Laue
pictures of one of the bars. Figure 8 was taken at the top end of the bar,

and Figure 9 at the bottom end,

Figure 7. Photograph of Vanadium Single Crystals Grown
by the Melt-Solidification-Zone-Refining Technique
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Figure 8. Laue Photograph near the top end of V-14

Figure 9, Laue photograph near the bottom end of V-1,
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D, SPECIMEN PREPARATION
1. Maéhining

The single crystal bars as shown in Figure 7 were cut into five
equal lengths of approximately 1,25 inches using a jeweller's saw, The

pleces were then mounted in a lathe and carefully machined to the shape

of tensile specimens with a gauge section approximately 0.8 to 1 inch long
and one-eighth inch in diameter, The maximum depth of cut taken in a
single pass on the lathe was 0,003 inches. The machined specimens were

then polished with 00O emery paper while mounted in the lathe,

2. Electropolishing
After machining, all specimens were electropolished for ten minutes,
removing-a layer of -approximately 0,002 inches from the surface of the

specimen, The solution used was a mixture of AO e¢c of concentrated

sulphuric»acid,“léo'cc of methyl alchohol and approximately 20 drops of
water, A-potential of 12,5 volts gave a current of 1,5 amps, and provided a

very satisfactory surface finish,

3 ° X-Ray.

Laue photographs of randomly selected specimens were taken to be
sure that-any effects of machining had been completely removed, A typical

reproduction is shown in Figure 10,
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Figure 10, Laue Photograph of machined and
electropolished tensile specimen,

4L, Preparation of Polycrystalline Specimens

Two zone=refined bars were used to make ten polycrystalline
specimens. After the bars had been cut into lengths, they were severely
deformed by lateral compression in a hydraulic press. This treatment was
followed by machining in a lathe, taking deep cuts and thereby encouraging
further deformation. After the usual mechanical polishing in the lathe,
the specimens were annealed at 900°C for four hours. The specimens were
then electropolished, etched and examined metallographically, to be certain
that complete recrystallization had occurred, and that the grain size was
relatively uniform. Since only a semi-quantitative analysis of the tensile
behaviour-of these specimens was planned, no particular attention was paid
to the actual grain size or the degree of preferred orientation. It is
interesting to note that there was no evidence of the second phase (V,C)

mentioned earlier in this paper.
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E, TESTING PROCEDURE

1. Gripping and Mounting of Test Specimens

The design of ﬁhe gfips used to hold tensile specimens in this
work are shown in Figure 11, The grips were threaded into the mounting
device as shown in Figure 12, which is a photograph of a mourited specimen,
ready for testing° The mounting device was of a universal=type construction,
equipped with roller bearings set at 90° to each other, thus ensuring
uniaxial tensile loading of the specimens,

The mounting device was suspended from the lower (movable) cross-
head of the tensile machine, with the upper jaw attached to the load cell
by means of a long steel rod which projected through the crosshead (Figure
12), By-using this method, the whole mechanism, plus an electrically
driven stirrer, could be immeirsed in a Dewar flask containing the appro-
priate refrigerant. The flask was placed on a plywood shelf provided for

that purpose (Figure 12).
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2. Temperature Measurement ‘

‘Temperatures were measured with a cepper-cemstantan thermeceuple
which had been calibrated and feumd cerrect at reom temperature and liquid
nitregen temperature. The thermecouple is rated by the m.mufacturerl5 as
accurate te ¥ 2 per cemt between -185° and -60°C, and ¥ 1-1/2 percent be-

tween -60°C ard 100°C. The thermeceuple was attached te the surface eof

all specimens by means of a fime wire,

3. Temperature Centrel

Test temperatures ef -196° and -183°C were achieved by immersing
the mounted specimens in a Dewar flask filled with liquid nitregen and
liquid exygen, respectively.

Test temperatures between roem temperature and -1,0°C were
achieved by inmersing the meunted specimens in a flask filled with petreleum
ether, and ceeled by a small, externally fed vessel filled with liquid
nitregen, Temperatures were measured at the start eof the test; at the
yield peint and at the end ef the test, The temperatures taken at the
beginning and end of the test wers only used to determire the total
change over the length of the'teéto

Test temperatures between -183° and -1L0°C were achieved by
submerging the mounted specimens in liquid ritregem, When equilibrium
had been reached the flask was remeved, the nitregen was peured eut, and
the empty flask was replaced. The apparatus and specimen were allewed
te warm at"awheating*raté which was feund by measurement te be 1°C per
minute, ~Since‘tanile“testS“roquirsd‘abmuﬁwtwowtbfthree minutes;“thé'
temperature“variatien*waS“not“mprehthan‘Z 1,5 degrees, " Again, the-

temperature takem at the yield peint was used in subseguent calculaﬁionso
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L, Test Procedure
The tensile machine used in this work was a 10,000 pound capacity
Instron screw-driven unit, with the gripping mechanism modified as
previously shown,
Mounted specimens were immersed in the coolant for a period of 10
to 15 minutes prior to testing.
| All polycrystalline, and most single crystal specimens were tested
at a crosshead spgod'of 0.05 inches per minute. ' Nine single cfystal
specimens-were tested at a crosshead speed of 0,002 inches per minute.
ALl load-elongation curves were recorded autOgraphicallx. Typical
curves for various temperatures are shown in Figure 13,
Specimens-after-testing were carefully packaged and retained for
subsequent ‘metallographic -and X-Ray examination. Typical broken specimens
are shown in Figure 14,
The-results of all tensile tests were calculated and tabulated
and appear in Appendix I, |
Specific procedures used in other parts‘of-the'experimental work

are described in the appropriate section of the thesis,
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Figure 14.

Typical broken specimens, Left to right:
polycrystalline specimen (-122.5°C)
single crystal (-196°C),

single crystal (24°C)
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IV, EXPERIMENTAL RESULTS

‘A preneunced temperature denemdence eof the mechanical pre-
perties ef- the- zene-refimed- vanadium was ebserved, -The depsndence ef the
yield stress,; flew stress and percent elemgatiom was determined ever the

temperature range frem 25°C te -196°C,

A. SINGLE CRYSTALS - RATE OF STRAIN 0.055/min.

1. Yield Stress

“Figure 15 ahowswthe~upper-yiéld~stresa~assa~functiom‘of tempera-
ture, The-plet ef yield stress-agaimst temperature did-not'yield'a'conc
timueus curve-eof the classical type (detted line;Figure 15) in which a
reductien-in temperature results in a—cemtinueus-increase im yield stress
as suggested”by“the data ef élough"amd Pavlovicg-(Figure 2),  In the
present invdstigatiog«twomsmoth~curves-werevfound3which'intersected»at
approximateinb“'S‘é;“implyingﬁthat“therefaro“two~differemtftemperature
dependencies ef the yield stress; -anplyimg ever different ranges ef lew
temperatures.- That this is, im fact; the case is illustrated by repletting
the yield: stress (8y) versus temperature data im the fellewimg ferms:

(a) Sy versus reeiprecal abselute temperature (Figura-lé); and (b) a
leg plot-of“Sy versus reciprecal abselute temperature (Figure-17).

“It- is -inmediately ebvieus that a plet ef 8y versua~l/T-doas net
yield a straight line, but rather twe distimet imtersectimg curves. The
peints on*£he~1cg~plotvof~8y“vsy l/T,'on‘the-other~hand5 car be fitted te
twe imtersscting-straight limes:-with relatively mimer deviatiems-frem-a
linear cerrelatien at-all temperatures except these inm ghe regien of the

intersectien.
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There are currently twe scheels ef theught cemcernimg the tempera-
ture dependence of yield stress, Zemer and Hollomanlé on the basis ef tests

predict a-thermally-activated precess-ebeyimg aprreximately am -equatiem of.

the ferm
P =fe :2
RT
where
P = a reactien perameter
€ = strain rate
-Q-= 'activation emergy' fer flew
The‘equati.nwwhichWZQ‘grgb3p.atuiated”wiil‘be”presented“in"detail"shtftlio

“Fisherll"iaterpretod“the“Eottrolleilby"thgory"ef‘yteldingzo“as

indicatimg -that-yield stress-sheuld-be a functien -ef the ferm

By (T/Gz)“=“const§nt‘
where G = shear medulus,

~Zeneris- theery is*baséd om - the assumptien that Q is relatively
insensitive te chamges in straim rate amd temperature, whereas Fisher's
theery is-bssed em the assumptiem that G, the shear medulus is iﬁdebendenb
eof temperature,

16

Zerer and Helleman™ illustrated that the tensile flowvstreas,
8y, of steel ceuld be expressed in terms ef twe variables enly; €, the
strain, and:the;parameter'P‘memtiomed'proviously. Since, by Zemer's
theery, - |

“2**5?“7Q/RT,'it may be deduced'that if Q is relatively insen-
sitiie to-'--'changes-ilé'and- ‘T ever ‘the range "of"itemperatﬁre studied, then 8;
sheuld be arpreximately equal te el/T,“thnt'iB

Sy ~ el/T.

if strain (€) and strain rate (€) are held cemstant. If leg Sy were then
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plotted against reciprocal temperature, a straight line would result,
Previously published results of tensile tests for steel,lé’ ol molybdenum,18
and tungsten19 all body=-centered cubic metals, have indicated that the
Zener hypothesis' is correct in the temperature range over which yiéld
strength is found ‘to be particularly temperature sensitive,

Fisherll illustrated that the tensile flow stress, 8y;‘of steel
may be expressed in terms of the temperature and‘shear“modulus only, inm the
manner described previously. According to Fisher's théory, a plot of 8y
against reciprocal temperature should yield a straight line. This
postulate was supported by considerable low temperature tensile data
obtained for -iren' and molybdenum: by other investigaters, and interpreted

by Fisherll. |

The data 'fits Fisher's theory extremely well at temperatures’
above -1,0°C, but show marked deviations at temperatures below -140°C. This
appeared to be trus for both molybdenum and iron. The departure from
Fisher®'s -calculated curve closely resembles the curves found in the present
investigation, as is-evidenced by Figure 18,

Clough and Pavlovic8 plotted their data in both ways, and found
that Fisher®*s-theory was obeyed; and that Zoner'é-theory gave a systematic
deviation from linearity. It should be remembered, however{ that this
work is subject to suspicion, since the metheds of specimen preparation
and mounting, as well as the type of tensile machine used apparently
obscured ‘the yield phenomena:,:

9

loomis and-Carlson’ made no attempt to correlate ‘their data in
any way; but an-attempt by the author-to do so has indicated that any
agreement  with Fisher's theory is out of the question., A reasonable degree

of agreement with the Zener-hypothesis -was found; but the limited number of

experimental points involved made precise correlation difficult.
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The results of the present investigation imply that the mechanism
responsible for the temperature dependence of the yield point changes
abruptly atﬂa temperature between .-125° and -132°C.

This suggests that in a narrow temperature range, a change takes
place in the process or processes by which Frank-Read source$ become un-
pinned froﬁ'their surrounding impurity atmospheres, releasing dislocation
loops which may then travel through the lattice, Three pqssible.mechanisms
whereby the curve of Figure 15 may be explained are given later in this

thesis,
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2, Flow Stress

The definition of flow stress is much more difficult than that of
yield stress and for the purposes of this work it is defined as the point
at whichthe sudden lead-drop-after yielding is stopped or slewed, and at
which gross-plastic'flow begins. The lead elongation curve of every
crystal tested in this work displayed a relatively high’yield point (see
Figure 13).  For high temperature specimens the flow stress was taken as
the lowest point reached immediately following yielding., For low tempera-
ture specimens, this was not possible, since 'no minimum point was reached.
In all cases, however, the curve ‘underwent a change in slope after dropping
sharply from the upper yield point. - In these'cases, the flow stress was
taken at the intersection of lines drawn along the trace of the sharp
drop after-yielding and -aleng the trace of the curve after the slope
change. - The results of these flow stress measurements are plotted in
Figures 19, 20 and'21. It is evident from these graphs, that the phenomenon
responsible-for the pronounced discontinuity found in the curves for yield
strength virtually disappeared or was obscured immediately after vielding
occurred.. The most noticeable change is that the log plot of flew stress
against reciprocal temperature is no lenger linear. It may, therefore, be
concluled- that the dual mnature of the yield stress versus temperature

relationship is concerned primarily with the high yield point phenemenon,

3. Elongation

Corresponding to-the very sharp rise in yield strength in the
temperature ranges between -105° and -125°C (Figﬁre 15), is a-sharp decrease
in ductility (Figure 22). Figure 22-is a plot of percent eloggation versus
temperature; “Considerable spread in-the elongation values-at any given 

temperature is exhibited. This is due to the fact that the specimens were -
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single crystals, and much of the deformation occurred in the area
immediately adjacent to the fracture. To clarify the relationship, anm
average value of percent elengation for each temperature was plotted, and

superimposed on the individual specimen points,

B. SINGLE CRYSTALS - RATE OF STRAIN 0,0022/min.

Nine single crystals were tested at a rate of strain lewer by a
factor of 2866 than the previous rate in erder to determine at least qual-
itatively-the -effect of strainlrata on the yield point -behaviour, The’
crystals were tested only at temperatures which were in the region of
the intersectien*of"the‘tWO”Iines‘in'Figure 17, The results of these
tests are shown-in-Figures 23 aﬁd 2L, ‘A-discontinuity of the type ob-
served‘at“the“higher“strain rate is--also  plainly visible  in this yield
point data;~although“thefsmallvnumber~efaspecimens used for this part of
the work-make+it-unreasonabile -to-draw-rigorous conclusions., 'The results
indicate-that the aforementioned mechanism' change  is - not grossl& affected
by changes-in-rate of -strain-ef the order involved in-this work. Thé
value of the yield strength at all temperatures was slightly lower at the

lower strain rate, as it would be reasocnable to expect.

C. POLYCRYSTALLINE SPECIMENS = RATE OF STRAIN 0,055/min.

Seven polycrystalline specimens were tested at a straim rate of
0.055 in/mini in order to-determine qualitatively the-effect of intro-
ducing grain-boundaries—and-more random orientatiem. A high-degree-eof
preferred-orientation-existed in the-specimens after deformation-and
annealing-treatments. -This would be expected; since-the bars from which-
the polycryataliinefspecimens"were“machined'weremoriginally“single"crystals.
Evideﬁce“of“praferred“orientation"was the appearance of broken specimens,

which in scme cases showed a fracture similar te those found for single
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crystals (See Figure 1), Figures 25 and 26 show the results of plotting
yield stress versus temperature and reciprocal temperaturé,

The limited am@umt of data indicates that the effect ié-greatly
reduced ig polycrystalline material, The slight effect evident may be: dus
to the high degrea‘ofipraferrod orientation presemt in the polycrystalline
specimens, If this is true, the yield stress versus temperature proper-
ties of vanadium are probably strongly orientation dependent. The data
presenﬁed'indicate that the yield stress of polycrystalline metal is
much more-temperature=sensitive at-low temperatures (below the single
crystal transitiom temperature) than is the yield stress of single crystals,
Elongation-data for polycrystalline specimens is not presented because

of large scatter in proportion te the number of tests made,

Do ANALYSIS OF THE DEFORMATION MECHANISM
1. Slip System

The-operative slip plane was found to be a plane in the'<ilO> zZone,
always within-a few degrees @f'{llZ}', This is different from the results

2
of other"investig&xt«:arsz}"‘2

‘working with single crystals of diron. Steijn
and Brick21 and - Cox et.al,22 made extensive studies of slip in single
crystals -of iron and foumd that slip always occurred in (111) directions em
planes in the'<ill> zone, but not always on planes of low imdices., This
was referred te as-'hanal' or men=crystallographic slip., A theory of slip
in body-centered cubic metals; based om a hard sphere model, was pro-

posed by Steijm and'Brickzl.‘ In the-model, slip on high -index planes

could be resolved inte slip on planes of the forms {}log'and {ll%go

| Particular  high=index planes would require a definite propertion ef

atom movements of each type.
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It was thought initially that the dﬁal nature of the yield stress
curve was caused simply by a change in the deformation system at lew
temperatures, This was proved te be false on the basis of Laue back
réfloction photographs. |

The complete orientations of the specimens were found from Laue
photographs, The axial directions ef the specimens were @JQ], and the
orientation of all specimens was found to be th#t shown in Figure'27o
The @iﬂ]‘directien appeared parallel -‘to the knife edge‘of the broken
sbecimén -and - the (001] direction appeared perpsndicular to the kxﬁfe
edge. Hereinafter, Laue-photographs which have been taken with the X-ray
beam parallel to the: [110] direction will be dencted as ! []’j'_o] photegraphs!'
and photographs-taken-with- the X«ray beam parallel to the '[001] ~direction
will be denoted as ! {bOl] photographs!',

Specimens*testod~at“temperaburesEbothwabovewand“belowwﬁhe“transs
iﬁion tempergture“warewexamined“veryfcarefplly;'“Xuray“photographS"ef'a
ﬁio] type“wére”taken“@f*each“specimen“examinedm(Figuf33“28"amd“BO), Be-
cause of possible ambiguity‘qoncerning‘the similarity -between E}id] phote-~
graphs and'ﬁXHJ photegraphs, advantage of the more obvisus 3-fold- siftmetry
of the @JJJ direction was taken. - This was accemplished by photographing
the specimen after it had been rotated through-35,3° frem a pesitien in
which Qha*-tﬁid} direction was parallel te the X-ray beam, The results of
these phetographs are shown in Figures 29 and 31, Angular measurements of
slip traces indicated that-the glide ellipse was at-an-angle of approximate-
1y 55° te-60° to (110) planes (that is; the set of planes perpendicular to
DJO] and*thewspecimenngis); ‘These measurement s  were made from the slip
traces shewn in“Figuresv32'amd’33; The low index planes @Jﬂ} pl%} and
{iZj}are~generaiiy“consideredwm@st~1ikely te-be operative slip planes for a

24-26

body-centered cubic structure » These planes are -also the mest likely



(7ol —~[00]]

(1 1'0]

Figure 27, Orientation of Pulled Tensile 8pecimens

50



Figure 28, [110] Phetegraph ef broken specimem tested at 24°C (VO08TS)

Figure 29. Specimen of Figure 28 retated 35.3° tewards [001].
Nete the 3-feld symmetry of the El.ll] direction,

51
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Figure 30. [liO] Photegraph of breken specimen tested at-183°C
(VO7TA)

Figure 31. Specimen of Figure 30 retated 35.3° tewards [001].
Note the 3-fold symmetry of the [11I) directien.
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21,22,27-29

slip pianes in cases where non-crystallegraphic slips
lieved to occur,

In the present work it was found that slip eccurred only on the
(iiz) and (112) planes. This was proven by the follewing crystallegraphic
analysis, using the stereographic projection shown in Figure.Bh.

Examination of Figures 27 and 34, (the specimen oriemtation and
the stereographic projection, respectively) showed that the (0O0l) plane,
the ;iio) plane and the slip plane all lay im the same zore, namely
the {110} zone, Therefore,' planes of the {110} ferm could ln@t cause
slip in this system, If @JD} planes were active slip planes, they would
have to be (011) or (I01), eperating in the [111] direction. If these
planes were operative, the knife- edge of the deformed specimons.would have
to be oriemted—at 90° to-the pesition im which it is actually feund, beth
above and-below the transition., <Th§lpessibility"of planes of the form -
ﬁ23} serving-as slip planes was also eliminated by a similar -analysis,
Ir '@23}>planes were slip planes, the GID) reflection would not appear
parallel te the knife edge, but rather effset by 10.9°. This was ‘net
found to-be the case; the (110) reflection was always parallel te the
knife edge, -

In summary, the operative 'slip system was found toe be @Jl] {112}
over the whole range of temperature studied. Defermatien was feund te
eccur in the Etio] zone, with (112) and (II2) planes as the only oper-
ative slip planes.
| The measured angles of slip traces were slightly higher for the
high temperature specimens (Figure 32) than for the lew temperature speci-
mens (Figure 33), This was probably due to the extensive elongatiom which
the high temperature ‘specimens underwent. The distortion of size and shape
of the Laue spets ef Figures 28 anq;29 (high temperature Qpecimens) was

probably alse a result of the extensive defermation of the high tempera-

decina amandomaws
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Figure 32A
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Figure 32B

Slip traces from specimens abeve the tramsitiom temperature.
Figure 32A is VO8T3, tested at 2.°C,

Figure 32B is VO9T5, tested at -50°C.

Unetched, X125,
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Figure 33A

Figure 33B

Figure 33. Slip traces frem specimens belew the transition temperature.
Figure 33A is VO7T4, tested at -183°C,
Figure 33B is VO4T5, tested at -196°C,
Unetched X125

25
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2. Twinning

Twing in vanadium have been observed by one investigater and were
reported 'as occurring on {}12} planes which - is the cemmon twin plane for
bed y-centered cubic metals. Exhaustive examination failed to reveal any
markings on specimens' im this work which could unambiguously be designated
as twins.. However, since the observed 2lip planes were foumd to be the
same as the preferred twin planes, it is pessible that slip and twim
markings could eccur coincidentally, and might therefore be imdistinguish-
able,

It is poessible that a change in deformation mechanism frem slip
te twinning could eccur, and be respensible for the anemelous yield be-
haviour exhibited by vanadium single crystals., A recent paper by Adams,
Reberts and'Smallman3l‘camcerniag the preperties of niobium at very low
temperatures reperted the occurrence ef large numbers of twins at very lew
temperatures or very high strain rates, However, miobium was feund te
twin 'reluctantly’.

Twimnimg in vanadium may be of a similar mature,

E. THE CRITICAL RESOLVED SHEAR STRESS

The resclution of simple tension in terms of the slip system is=
accemplished im the manner described below, with reference te Figure 35,
which shows the fundamental quantities involved ir the calculatiom.26

The 8lip direction for bedy-centered cubic metals is (111), and is
affected by neither cempositien -ner temperature. The active slip planes
de dopehd“en'thase“quantiti@s; and-can be any of the planes eof-the form
{110}, {ilg} or {;23}, as-leng as the slip plane-belongs to the zone of the
slip directieng Let ‘A be the area of the specimen, then A is the cress-

. cos9
sectienal area of the slip plane. The foerce F is resolved in the K}ll]
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Figure 35, Fundamental quantities in the resolution
of simple tension,< :

directiem and is equal te F cos) , where A is the angle between [lll] and
the tension axis,

1
Therefore: 8},@' ] = F cos cos

By the analysis of the previous section, the slip planes-are (112) and

(112), and frem this, the angles ¢ and A are 5,°427 and 35° 18°,
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The values of the critical resolved shear stress are given in

Appendix I and shown graphically im Figures 36, 37 and 38,

F. ELECTRICAL RESISTANCE

The possibility that a minor erdering or diserdering reaction at
the 'transition! temperature waz the cause of the unusual temperature
dependence ‘of “yield stress was examined by means of electrical resistance
measurements taken between -196° and 0°C, All resistance measurements were
made on a‘tensile specimen mounted im the testing machine, in such a way
that stress ceuld be applied. Measuremefits were taken on a Vernier
potentiometer, and -are accurate to % 0,2%,

The: results are recorded in Figures 39 and 4O, and in Appendix
III. Altheugh a mimor slope change was encountered at 100°K (-173°C), it
is net believed that this is sufficient ‘evidence for orderimg. A similar
change in slepe of the resistivity curve was encountered by-Reateker2
between -20° and -35°C, and Leomis and Carlson’ (for bomb<reduced ‘metal)
between -70° and -80°C. The difference in the nature of the curve ob-
tained im the present work is believed to be due to the higher purity eof
the métal-usedrf@r'these sxperiments.

The possibility ef stress-induced ordering was examined by means
of electrical resistance measurements taken at a given temperature and at
different levels of stress. No appreciable change in resistivity bstween -

zero stress and the yield peint was found.
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G. MICROHARDNESS

Micrehardness measurements were made on every zone refined bar in
an effort- to-establish some relationship between impurity contenmt and
microhardness, The purpose was to determine the unifermity of the zene
refining precess, Considerable hardness variation from bar te bar was
enicountered;- howsever; hardness measurements were made on breken specimens
poelished after meunting in lucite, and a combination ef the unaveidable
misalligmmaﬁt during meunting, and the variable plastic defermation
present in-the tested specimens is believed to be the cause of mest of
the differences,  The hardness measurements made or specimens tested at
high temperatures:is"net'considerod reliable for these reasoms, It
sheuld be-noted that hardness is an orientation-dependent property.

The value of the KHN for as-received vanadium was about 130-135,
and‘fer zone=refined metal about 105-110; ' '‘Results-of ‘micrehardness
measurements are -tabulated in Appendix IV. |

‘The- differences-in hardness ‘encountered did net appear to be
reflected in the-tensile results to any significant extent. A number ef
cases were enceuntered where-specimens taken from a *hard' bar were pulled
at the same-temperaturs as specimens taken from-a ‘seft® bar, but it was
foeund that neither type of specimen had consistently higher er lewer yield

strength than the other type.
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V. DISCUSSION

The present'invcstigation has shown that high purity vanadium
ir the ferm of single crystals, conforms te the same general pattern of
tensile behaviour as other bedy-centered cubic refractory metals im that
it displays a very strong temperature dependence of yield strength, amd a
ductile-to=brittle (or semi-brittle) transitien. It is now necessary to
examine th@se~fact®r3'whieh may explain: the abnormal temperature de-
pendence -of yield strength exhibited by the simgle crystals, and which may
account for the detailed differences hetween vanadium metal and the other

bedy-centered cubic refractory metals,

A, REVIEW OF RESULTS

The anomelous temperature dependence of the upper yield stress ef
vanadium was found te be a thermally activated precess, as evidenced by
Figure 17 which shows ‘the plot of log'yield stress against reciprocal temper-
ature. This-behavieur is primarily a yielding'phemomenon, since a plet of
flow stress (Figures 19, 20, 21) against temperature did not shew nearly
as much departure from a smooth curve as did a plet of yield stress (Figures
15, 16, 17). Further, the flew stress data did not give a linear legarith-
mic plet.

Polycerystalline specimens tested under similar conditions showed
a - much less eobvieus anomaly (Figur03‘25, 269"and“therefere-the"yield be-=
havieur is believed to be dependent upon specimenm orientation,

Single“brystals“tested“at a lower-strain=rate exhibited the ab-
nermal behaviour very clearly (Figures 23, 24), although the discontinuity
occurred at a-lower stress and temperature, The yield stress;-therefore,
is alse strain=rate dependent; an imcrease in strain rate resultimg in an

increase in %transitien' temperature,
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X-ray data indicate that the slip system does nmot change over
the range ef temperature studied; se therefore the change im the tempera-
ture dependence of yield stress is not associated with a simple change of
slip system,

Leemis and Carlsem9 studied a single crystal of crystal-bar
vanadium'atmlﬁW“temperatures-by“means~®f“a'Wéissenberg~camera in erder te
determine  whether or not any form of alletropic transformatien occurred.
They reported that nb change -eccurred to -115°C (the ductile-to-brittle
transition eccurred at -110°C), X-ray diffraction data presented by
Ieomis and Carlsen indicated that vanadium exists in the bedy=centered
cubic form'dewn te =180°C, On the basis of this data, it may be assumed
that no crystallegraphic change takes 'place in the range of temperature
studied which ceuld acceurt feor the abmermal temperature-dependence of

the yield stress,

B, POSSIBLE:MECHANISMS

The above - discussion restricts the pessible mechanisms by which
a discentinuity in the-temperature dependence of yield stress can be
explained, -Three alternative mechanisms are-suggested: (1) a change in
defermat ion mechanismy fer example; from slip te twimning, (2) a"miner
erdering-er diserdering reaction, or (3) a change in the mamnner im which
dislecation-becomes unlecked at the yield stress, Each ef these poss-

ibilities will be discussed more critically im the fellewing text.

1, Change in Deformation"Mechanism - -

The shape of the plot of leg yield stress~#gainst‘reciprecal
temperature suggests-the presence of two different thermally activated
precesses; with the higher temperature process having a higher activat-
ion energy. At the tramsitiom temperature the precess having the higher

activation energy (presumed te be slip) is replaced by a process with the
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lewer activation emergy (presumed te be twinning). Adams, Reberts

31

and Smallman”~ found evidence eof gress twimning in pelycrystalline niebium

at very lew temperatures; Ceox; Horne and Mehl22 and Steijm and Brick21
found evidence of large ameunts of twinning im iren simgle crystals at
-196°C., ‘In all cases reported, the twinning was accompanied by audible
clicks in-the specimen, and jerks?’ in the linear pertien eof the lead-
elongation curve. Im the present investigation the same observations
were made at =196°C and -183°C, but ne evidence of twimning could be
feund on metallegraphic examination of the broken specimens, However
since the slip plane identified im vanadium single crystals; and the

twin plane (112) reported by Cleugh and Pavlevieaware’C@imcident,"it“is'
pessiblew@hatwa'cembinatianwef slip~trace§=and'twiMSwwere~presemt,weven
th@ugh-rep@1ishimg*;nd“etching“failedmtm“proyide“adeqnate“evidence“that'
this was"se;*”Adams;“Robertsmand"SmalimaEBI"rep@rted*thatwmestwef“the'
twinning in niebium eccurred during the very early stages of plastic de-
formation, In the present investigatien, me lew temperature tests were
interrupted fer the purpése of specimen examination, because of the
difficulty in remeving -an unbreken specimen from the machine witheout
spoiling the electropelished surface. Since considerable plastic de-
femation- eccurred before fracture, even at =196°C, it is pessible that
visible evidence ef twimning was obscured by slip lines., Adames et.al,
alse reperted a standard pattern of behavieur ef all'speéimens pulled at
20°K; (a) that small-amounts ef  slip -interspersed between extensive bursts
of twinning“eccurredfin“the“enrly'stageS*ef'def&rmatimn;"(b)“that“a”proa
porderance- of'slip with-enly eccasienal twinning eccurred as-deformation
was continued; and-(c) that the-crystals-displayed an-ability te- werk-
harden while deferming -by slip. By this standard; amy-twimning which may-
have ta ken place-in-lew' temperature specimens may well have-been ebscured

by subsequent sliip defoermatien,
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A theory of twinning in irom crystals by Biggs and'Pratt,B2 de-
velopéd from the Cottrell-Bilby the@ryzo claims that twin nucleatien is
mere difficult than twin prepagatiem. The suggestion was made that twin
nucleation is caused by a stress cencentratien which is brought abeout by
the release of a-burst -of slip as-a Frank-Read source breaks sway frem its
atmesphere; causing the rapid piling-up-ef dislecations., Twins, ence
formed, mny“themselves-hct as barriers, allewing further piling-up ef
dislecations and further twin nucleation. Whern most of the Frank-Read
seurces have been released from their atmespheres, slip will me lenger
eccur im‘bursts;”dnd“twin'nucleation‘willmgw“longer"be pessible,

A-mechanism of this-type: ceuld well accoumt fer- the heavy appear-
ance of the slip lines at lew- temperatures, Figure 33, and for the dis-
continu@usmtemperature:dependenco'ef“the“yieidjstress.

The qualification must be made, hewever, that twims in- niebium
were not ‘feund until the temperature was reduced belew =196°C, and not im
abundance ‘until 20°K was reached. Further it must be remembered that in
the present -investigatien ne cencrete evidence that gross twimning had -
taken place was found; even though jerks in the lead-=elengatien curves,
and corresponding-audible clicking noises occurred im many of the

specimens tested at temperatures lower than -165°C,

2. Ordering Precess

The-eccurrence of a miner slepe change in the plet ef electrical
resistance versus temperature ceuld possibly be due te am erdering er
diserdering reaction; ~although it is not considered likely because ef the
oxtrom@ly“smallTnumber“®f~impuritywatmmswavailable‘to“participate in the
reactiom.‘“The'@rdering”pr@ceSS'is“theught“t@“be'the“eccupati§m~ef pre-
ferred igterstitial'sites-'by“at.ems'"say;"fer‘example,"ef'carban° It is

suggested that this-situation may be breught abeut by ceontractien ef the
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lattice due te applied stress and thermal contraction, such that at the
transitien temperature, the eccupied sites become tee small to accommedate
the impurity-atems, which' are then foerced te take up new erdered pesitiens
in the lattice. That-this type of reactien eccurred would be mest
difficult-te preve, particularly since it -is-unlikely that resistivity
measurements weuld “detect an erdering reactien-of such small magnitude,

A mechanism-of this type could, hewever, explain partially the
leg plet of yield stress versus reciprecal -temperature,  The change
could be considered analegous to an-alletrepic tramsfermatien,; in that
it would-bevirtually diffusienless (a necessary condition because of
the improbability ef diffusien taking place at the lew temperatiures
invelved). It weuld merely invelve the transfer of interstitial atems
frem ene site te an adjacent or med:rly ddjacent one ef mere suitable
dimensions. Since the change inlslope of the resistivity curve was feund
te eccur-belew the transitien (=170°C), thus allewing the transfermation
to take place before the change is neticeable, this mechanism is net
impessible. “Fer-the reasens stated earlier; hewever, it would appear

unlikely,

3. Dislecatien Breakaway

The Cottrell«Bilby theery of yielding im iranzo-postulates the
migration of impurity atems to Framk-Read seurces where they form atmes-
pheres, When an applied stress exceeds the pinning ferce, the dislecatien
leeps break away from the atmespheres, thereby:causimg<the‘heter@gene@us
yielding-characteristics feund-in bedy-cemtered cubic metals,

A mechanism which ceuld explain the temperature dependence of
yield stress of vanadium single-crystals feund in this -investigstien re-
quires that-twe interstitial impurity species ferm atmspheres areund

dislecation seurces,



71

It is assumed that each impurity species has an independent
lecking effect on dislecatiens which it surreounmds. Thus it cam be con-
sidered that fhe effect of ene impurity en the temperatures dependence
of yielding in vanadium is different frem that of any sther iﬁpurityo
Figure 41 is a hypethetical plet of the yield stress-temperature relatien-
ship due to each of twe arbitrary interstitial species assuming the Zener
hypethesisl6 applies., It is prebable that the vertical pesitienm of each
éf the two lines will be dependent on the relative concentratiens ef
the twe species, The sleps of any line will be characteristic of the
impurity, ard determined by factors such as atomic diameter amd pessibly
valency,

According to Figure 41, the stress necessary to overceme the
lecking effect of one species (impurity A) is less at high temperatures
(above T1)~than"the~stress'necessary~t@ unleck dislecatiens from im-
purity B, - At temperatures less tham T, the reverse is true, and the
minimum stress required te iritiate yielding is determined by the lecking
effect of impurity B, ThiS“imglies'that”a“temperature may exist fer
certain relative concentrations ef the two impurities at which the lecking
effect of eone impurity becomes less significant tham that ef the ether
impurity,-leading te a discontinuity in a plet of yield stress versus
temperature,

A number of ebservatiens in the present werk give streﬁg suppert
te this suggested mechanism,

Ameng these  experimental data which this hypothesis explains
satisfacterily are the fellewing:

1. The anomaly foeund in the temperature dependence ef
yield 'stress- in the present werk.

2. The scatter ef the results ebserved in the vieinity ef
the intersectien of the twe straight lines im Figure 17,
This scatter would be -expected im a regien where the
stress to free dislecations pinned by either of twe
impurities is of the same magnitude. Hence, very miner
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variatiens in the purity of specimens tested im this
region (which variations were identified) ceuld re-
sult in higher er lewer values of yield stress,

3. The percent elengation versus temperature curves
(Figure 22). This curve has twe regiens of tempera--
ture in which duetility appears te be drepping
rapidly, cerrespending in each case te a rapid rise
in yield stress (Figure 15). This observation is
explicable in terms ef the dual-impurity hypethesis, but
dees net fit with the erdering mechanism suggested
earlier,

It is netable that the discentinuity in the temperature dependence
of yield -stress: which was marked im the present werk, was met feund by
ether investigaters werking with vanadium. This may well be asseociated
with the unusually lew carben coentent ef the zene-refined metal empleyed
in this study. ~The vanadium used by other workers centained from 4 te
20 times'as“much“éarb@nb“hhereaS‘the”nitregen“amd“hydrogen-centents were
generally of the same order, This suggests the pessibility that (re-
ferring teo Figure 41) if impurity B is carben; the curve en the log
plet fer carben would be substantially higher for the vanadium used by
sther werkers then fer that used in the present study.  This in turn
permits the speculation that the cerrespending line fer another impurity
(nitregen; for example) lies belew that for carbem at all temperatures
dewn te =196°C fer ether investigatiens, but that in the present werk,
carbon may-be-the centrelling impurity at temperatures belew abeout =125°C,
By way of semisquamtitative verificatiom ef this pestulate, the yield
stress values obtained by ether werkers were generally higher at the
lewer temperatures, but simiiar at the higher-temperatures; relative te
those ebtained by the present investigater,

It should be neted that carbon and nitregen are used as examples

enly in the above discussien; .and that it is by no -means-preven that these

are the deminant impurities in this mechanism,
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VI. CONCLUSIONS

1, A zone-refining-melt-selidification techmique for the growth of
vanadium single crystals eof pre-determined erientatien has been per-
fected. Crystals 1/h-inch in diameter amnd up te 7 inches in length
have been grewn, The crystals were of more uniform cress-sectienal area
than these repertedly grewn by werkers usimg ether metals, and the
surface quality was approximately equivalent te that eobtained by
electropelishing,
2. Vanadium exhibit® a marked temperature dependence of yield stress,
as de ether bedy=centered cubic metals. With vanadium siﬁgle crystals,
however, an unusual relatienship between temperature and yield stress
was enceuntered, in that a discentimuity im the plet was found between
=125° and =130°C, ' This abnermality did net appear in mearly as pron-
eunced a-fashion en a plet eof flew stress versus temperature fer the metal,
and therefere the anoemaly is believed te be asseciated primarily with
the initiatien ef yielding. _
3. X-ray data preved that defermatien eccurred in the system <ili>
{?12}, over“thefwhmle'rangg of temperatures studied. Therefere the dis-
continuity om the yield stress plet could net have been caused by a
change in slip system.
4. The results of electrical resistance measurements imdicated the
pessibility that a very miner erdering precess was respensible fer the
anemaly, but it‘was'comsidored'unlikoly en the basis of the magnitude
eof the ordering reactien,
5. The possibility ef a change in defermatien mechanism frem slipate
twinning was-examined thereughly, anrd, altheugh no indisputable evidence
of gress-twinning was f?umd;‘the"mcchanism“iS'still"pessiblea The de-

formation- plane identified for specimenms tested beth abeve and belew the
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transition temperature was (112), which is alse reperted as the twim
plane for- vanadium. The ceincidence of the slip and twin planes could
mean that beth were present imn lew temperature specimens, but were in-
distinguishable, |

6, Dislecatien-lecking due to atmespheres of mere than ome impurity was
preposed a3 a pessible explanatien of the observed resulis. It depends
on the fermation of twe impurity atmespheres areund dislecatien, each

of which gives rise to a separate‘temperature dependence of yield stress,
The data ef anether investigatorll suggests that a similar discentinuity
occurs in  melybdenum, and several ether-metals,

7., The critical resolved shear stress on the (112) planes for a
vanadium single-crystal whose axial direction is @J&@ was feund te be

11,250 psi at reem temperature,
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VII., RECOMMENDATIONS FOR FUTURE WORK

It is felt that a great deél miéht be gained by an effort te
verify er reject either the dual-impurity mechanism er the defermatien
méchanism as described in the discussien preceding. This could be
accomplished by means of centrelled impurity comtents énd/or controlled
impurity ratiesin vanadium and ether bedy~centered cubic transitien
metals, including iren,

A more critical study should be made &f the lew-temperature
behavieur ef ether bedy-centered cubic’ refractery metals in general,
both by reference to the werk of previous investigaters, and by experiment.
Emphasis was net placed on ether metals in the present weork, in view eof
the eriginal ebjectives. The recommendation weuld include studies of

high purity pelycrystalline metals and careful metallegraphic studies,
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TABIE I

THE RESULTS OF TENSILE TESTS
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VO5T1 14/6/60 .119 1,111 .825 1.06 20 1 28,48 22,50 23.85 23.22 24.84, 11.25
VO5T2 14/6/60 ,120 1,130 .832 ,900 -196 .98 8,17 106,19 115.04 102.65 115.0L  54.25
VOST3 14/6/60 .137 1l.47L .760 .875 -183 11 15,13 91.59 98.37 78.02 98.37 46.39
VO5T4 14/6/60 .134 1,410 .770 .980 20 A1 27,27 21,99  24.45 24,11 26,24 11,53
VO,TY  2/7/60 .115 1.038 .709 ,890 20 A1 25,52 23,80 26,30 25,72 27.55 12,40
VOTT1 2/7/60 .118 1,093 .895 1,115 20 A1 24,58 20,59 23,60 22.87 25,16 11,13
Vo,TL,  2/7/60 119 1,112  .915 947 -183 .11 3,49 93,53 101,80 98,20 101.80 48,01
VO7TL, 2/7/60 ,120 1,130 842 ,923 -183 J11  9.61 94,69 100,00 97.35 100,00 47.16
vouTs 2/7/60 120 1,130 ,992 1,050 -196 .98 5,8, 109,29 116.81 109,73 116.81 55,09
VO7T5 2/7/60 116 1.056 ,785 .862 -196 .98 9,80 85.23 96,78 92.80 96.78  45.64 Faulty Sp.
VO8T1 26/7/60 .,115 1,038 ,815 1,056 24 .37 29.57 17.82 21,39 21,00 23.70 . 10,09
Vo8T3 26/7/60 .123 1,188 .,919 1.195 24 s37 30,03 18.52 22,73 22.14, 25.08 10,72
VO8T5 26/7/60 .108 0,916 1,100 1,190 24 .37 8,18 19.65 22.93 22.93 25,55 10,81

VO9T1 26/7/60 ,116 1,056 .840 1,056 -50
VO9T3 26/7/60 ,118 1,093 .825 1,036 =50
VO9T5 26/6/60 ,119 1,112 .857 1,049 =50
VouyT2 27/7/60 .119 1,112 .772 ,986 =50
VO7T2 27/7/60 .122 1,169 .845 1,079 -50
VouT2 27/7/60 122 1,169 777 D.N.M. -109
VO7T3 27/7/60 .120 1,130 .840 1,070 -109
V10T1 27/7/60 .112 0,985 ,807 1,090 -109
V1013 27/7/60 .123 1,189 .806 .962 =109
V10T 27/7/60 .110 0.950 .820 ,987 -109
V11Tl 27/7/60 .120 1,130 .834 .995 =196
V11T3 27/7/60 .116 1,056 .825 ,892 -196
V11T5 27/7/60 .121 1.150 .853 .995 -196
V1lT2 28/7/60 .113 1,003 ,.832 .911 -196
V10T2 3/8/60 .104 0.849 ,788 .893 -125
V10T4, 3/8/60 .122 1,169 .851 ,963 -125
Vo9T2 3/8/60 .120 1,130 .78, .913 -125
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D,N.M D.N.M D.N.M D.N.M D.N.M D.N.M Faulty Sp.
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20,36 44,53 50,11 48.63 50,11 23.63

D.N.M D,N,M D,N,M D,N.M.,0il ern grips
8,12 100,38 112,69 104.17 112,69 53.15

6.6, D.NM4 D,NM, DNM D,NM D,N.MOil en grips
9.49 113,66 118.64 99.70 118,64 55.95

13.32 71.85 75.38 61,25 75.38 35.55

13.16 62.45 65.53 55.69 65.53 30,90

16.45 70,80 73.89 63.72 73.89 34.85
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VO9T4 3/8/60
V12Tl 14/8/60
V1273 4/8/60
VI2Th 448/60
VO6T1 5/8/60
V12T2 5/8/60
V11T, 5/8/60
VO6T2 5/8/60
VO6T3 5/8/60
VO6TL, 29/8/60
VO6T5 29/8/60
VO8TL 29/8/60
VO2T1 29/8/60
VO2T2 29/8/60
VO2T3 29/8/60
V13T2 29/8/60
V13T3 30/8/60

Pelycrystalline- Specimens at

V15T2 30/8/60
V15T3 30/8/60
V15T4 30/8/60

V16T5 30/8/60.
V16T3 30/8/60

V16TL, 30/8/60
V15T5 30/8/60

0114 1,020
121 1,150
.122 1,169
.118 1,093
o114 1,020
o114 1.020
0119 1,112
.116 1,056
.1225 1,178
~117 1.075
«117 1,075
.113 1,003
01205 1,140
.110 0,950
.116 1,056
.1165 1,066
01135 1,011

0‘116 1. 056
»1215 1,159
0120 1,130
o119 1,112
.116 1,056
0121 1,150
-117  1.075

Simgle Crystals -at 0,0022/min.

V1,T1 31/8/60
V14T2 31/8/60
V14T3 31/8/60
V14T4 31/8/60
V14T5 31/8/60

.118 1,093
»1205 1,140
116 1,056
121 1,150
»1205 1,140

851  .952
8l 919
WT64 882
802  ,910
815 .933
,780  .903
.852  .995
.798 895
848  .933
.806 D.N,M
841 D.N.M
-845 D.N.M
800 .92
.811 D.N.M
.822 D.N.M
.868 D.N,M
0967 D.N.M
0,055/min.
.866 D.N.,M
0'833 D aN oM
0906  D.N.M
757  .880
.760 D.N.M
o793 1,080
.882 1,057
<949 1.075--
914 1.020
+890  D.N.M
¢952 -1.075
971 1.079

-128
=140
-110
=150
=121
-121
-121
-133

- =165

D.N.M
=165
=164
~157
-128
-130
-138.5
-133.5

-122.5
-101
=62
-136.5
-136.5
-1595
-63
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=137
<1345
-128
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36,19
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¥ 10
12,92
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77.39
7h.85
78,68
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52,16
73.86
86,16
D.N.M
71.63
85,74
77.19
66.32
67.80
69.42
73.18

64.39
53.49
33.98
699214
67.23
88,70
36,28

73.19
71.93
63.L5
65.22
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81,37
80,09
77.59
81.98
Tho bl
63.73
57.82
76.99
89,39
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88,14
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69.16
71.97
72.61
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56.60
40,27
73.29
71.97
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66,35
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59.19
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81.98
Thohl
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89.39
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- 88,14
81067

69.16
71.97
72.61
76.58

67.61
56,60
L1.59
73.29
71,97
93.91
L2.79

80,15
74.82
65025
66.35
62,37

38937
37.77
36.59
38,66
35.09
30,06
27927
36.31
I¢2016
D.N.M
35.10
41,57
38,52
32,62
33.94
3L.24
36.12

37.80
35.29
30,77
31,29
29.41

0il im grips
Faulty Sp.

28



5,76 ED.N.M 32.83 39.68. 39.12 39,68 18,71

7,12 %10  54.86 59.35 52,16 59.35 27.99
=118 6,45 E 11 41,18 45,69 LL.12 L5.69 21,55
'='131+o5 7 22 8066 58072 62059 55085 62059 29052

Vi3TL4 31/8/60 .,1165 1,066 ,958 D.N.M - 99,5
V13Ts 31/8/60 ,119 1,112 1,009 DN, M -=132.5
V13T1 31/8/60 .114 1,020 .972 D,N.M
VO2TL 31/8/60 ,119 1,112 .819 - .890

& Elemgation estimated frem Lead-Elengatien curve
ATg °

AVERAGE ELONGATION DATA . El.%
20°C 27.53
=50°C 25,81
=109°C 25.54
=121°C 15,67
"125°C lhoBl
“128°C ’ 12‘.93
=133,.5°C 16,05
-140°C 14,80
-165°C 13.50
~-183°C 9.41
=196°C 8,28

£8



Bo THE CALCULATION OF STRESS AND ELONGAT ION

EXAMPLE VO5T1 (tested at 20°C)

STRESS
Oy = yield stress
P = lead - 264 lbs,
A = area - 1,111x10 2 im2
=P
/n
= 264 = 23,850 1lbs
1,111x10°2 in?
ELONGATION

E = % elengation
lin, = -imitial gauge length
1f = final gauge length

E= 1f = 1in x 100
1 in.

0,825

C. THE MAXIMUM ERROR IN YIELD STRESS MEASUREMENTS

EXAMPIE 1 VO5T1 (tested at 20°C)

X

'

Estimated maximum-errer -in measuring P:

P=26L, 2 1 1%
= 26l - O.hh

Estimated maximum errer in measuring A

d

0119 I 0.0005

A .7852 (,119)% 0,001
(1,111) (10°%) * .co01

9%

il

#

(1,111) (10 %)
Tetal maximum errer im & 3
+
& = 23,850 lb - 9.4%
ig?

= 23,850 £ 2220 1bs
' in®

8%



EXAMPLE 2 VO5T2 (tested at =196°C)
Estimated maximum error im measurimg P:

P = 1300 % 10 1bs,

1300 = 0.8 %

Estimated maximum errer im-measuring A:

d = 0,120 = 0,0005 in.
A = .7852 (0.120)% ¥ 0,001
= 1,130 x 10°° ¥ 0,001
-2 t ‘
= 1,130 x 10™° - 8.,9%

' Tetal maximum errer in &

oo

8 = P/4 = 1300 = 0.8
1,130 x 1072 ! 8,9

9.7%

11,160 lbs
in?

9+

[}

115,040
115,040

W
o+

It should be remembered the values stated are maximum values, and

in nearly all cases, the accuracy would be much better,

D, THE PROBABLE ERROR IN YIELD STRESS MEASUREMENTS

EXAMPLE VO5T1

P=26421
= 264  0.4%

A = ,7852 (,119)2 I 0002
=1,111 x 107° 1,83

Preobable errer im &

§ = 264 = 0,4%
(1.111)(10°<) % 1.8%

= 23850 L 2,2% = 23850 1 525 psi,



EXAMPLE, 2 VOS5T2
P = 1300 % 10 1bs
0.8 %.
A = (.7852)(0.120)%  0.0002

I+

= 1300

=1.130 x 10 ° * 1.77%

Probable errer in O :

E.

§ = 1300 = . = 115,040 ¥ 2.57%
(1.1305(10225-5 1.77

§ = 115,040 = 2960 psi

CALCULATION- OF CRITICAL RESOLVED SHEAR STRESS

Ser = AP/A ces ¢ cos A

¢ = Angle between perpendicular te slip plame and temsien axis
) =. Angle between [111] and tensioen axis
P = lead

P/A = yield stress = by
A = area

EXAMPLE VOST (tested at reem temperature)
8y = 23,850 psi.

= 350181

= 54°42"
Ces ) = 0.81614
Cos § = 0.57786
Ser = 23,850 (0.81614) ( 0.57786)

= 11,250 psi.,
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APPENDIX II

The Zeme Refimer

A. ELECTRICAL SYSTEM

‘Figure 1 shews the cireuit diagram fer the zeme refimer. It clesely
resembles the ene ‘designed by Calverley, Davis ard Leverlh;“and uses the
same currenmt-cemtrel-system, that is by emisesien cemtrel, in which the

filamemt*pemperaturo~eomtrols‘the~emission current,

Medificatiem te ' Pewer Supply

~There -are-a numbsr ef ‘ways im-which a pewer system of the type -

‘used ‘in this-werk ceuld be greatly impreved.  The first.amd mest impertant
| is im the curremt: stabilizatien. The presemt system centains a time lag
which arises frem-the- time it-takes fer the filament -te chamge temperature.
The mbdificati?m“suggeshed‘by~Galv0r1y, Davis~agdeeverlh,‘is'to:aupply
the high“vvitagawfr-mmamconstant”curregt'sguree:“"lnwthiS“aystemy'phe
bembardment - current-is kept  censtant by adjusting the high veltage,

A mumber-ef-miner imprevements which ceuld be made are: the use
of very high-speed relays-te shut eff-the high veltage whem a shert cir-
cuit eceurs; the use-ef smaller amnd mere cempact tramnsfermers, beth te
deerease the weight ard imcrease the efficiemcy ef eperatien, the use ef
a single'thyratron-tube-ia“t'he-‘control-cifeuit-,» since it was feund im
the prosemt~w;rk~thht“emly'eno~of“thum operated ‘at amy eme time. Hewever
they were-feund te altermate, amd in changing, they oftea,causedthe‘high.

veltage te cubt eut; resultimg im anneyimg delays.

B. FURNACE SYSTEM

It-is felt by -the-auther: that-the-existing designwofmthe“furnaée‘
pert of the zene-refimer-is-umsatisfactery and sheuld be rebuilt im the

manaer described belew., Rather tham have 2 brass plates susvended by a
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Figure 1, Circuit Diagram ef the Zene Refiner as used in this.
investigatien, ‘ ‘
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l#rge pyrex tube as was the case in the present werk; the whele assembly
sheuld be m@unted‘on one plate which serves as the base and leads to the
vacuum system, A bell jar should be used feor the vacuum chamber. This
would greatly facilitate werking around and on the apparatus., The drive
should censist of a dewn-driven werm gear., This is useful fer twg reasons:
(1) a zene which meved upwards (i.e. the specimen moves dewn) would
provide a mere stable zone, amd (2) a werm gear drive weuld previde a
]

much mere wniform movement,

It is felt that the present system eof specimen meunting, filament
type, beam=focus plates and radiatien shields are satisfactery except that
it would be convenient to have a reflected view of the melten zene, since

metals with high vaper pressures very quickly depesit a layer ef vaporized

metal onte the viewing glass, thus ebscuring the zeme,



APPENDIX III

RESISTANCE MEASUREMENTS

TABLE I

THE RESULTS OF RESISTANCE MEASUREMENTS

Vernier Potentiemeter I R T
velts JL Velts (Current) (amps) (p ehms)  (°K) Remarks
(p@t.,)

116.7 7877,.3 .78773 148,1 126,0 Run 1
130.0 7916,9 079169 164.2 136,0 Ne leoad
140.6 7785.5 o 77855 180,6 145.0

151,0 T79L.7 STT9LT 193.7 150.0

161.7 7952,0 279520 203.3 158.5

171.2 7816,9 .78169 219.0 166.,0

181.,0 7891,3 78913 229.1 173.5

190,.3 7820,8 - .78208 243.3 185.5

195.4 7733.1 77331 252,7 189,0

200,0 7492.8 . 74928 266.,9 197.0

213.8 7573.9 75739 282.3 206.0

233.8 7773,.2 77732 300.8 216.0

252,.5 7772,1 77721 324.9 229,.0

281,2 T79%h.4 o 17904 360,8 250,5

300,0 6960,0 .69600 431.0 269.5

57,5 8050, 1 .80501 714 75.5%  Rum 2
64,1 894L4.6 89446 71.7 75.5 Lead = 40,000
78,5 8963.3 .89633 87.6 87.0 pei.
93.7 - B8980,2 .89802 104.3 97.0 % Ne lead

108.1 8977.2 .89772 120.4 111.0

114.3 8974.9 89749 127.4 112.0

131.0 8972.4 89724 146.0 121,0

137.0 897406 89746 152.7 126.5

146.8 8968,2 .89682 163.,7 131.5

154.4 8965,6 .89656 172.2 137.0

161,5 8965,3 89653 180,1 141.0

168.7 8965.6 .89656; 188,.2 146.0

174.1 8965,6 89656 194.2 150,0

176 .6 8966,9 «89669 196,9 152.0

184.6 8966 .7 89667 205.9 156.5

193.2 8967.2 89672 215.5 160,0

206.3 89644 89614, 230.1 168,0

213.4 8964,.3 .89643 238.1 172.0

220,9 89674 896714 246,.3 174.5



Vernier
M velts
(psi)

51.4

54,0

L8.8
118.8
119,6
117.4
120,6
121,2
121.4
1214
122.1

116.1
12706
142.0
162.5
196.9

56,0
71}00
76,9
85.9

Petentiemet or
M velts (Current)

707405

737h.2

660000
16059.2
16154.9
157267
16207.7
162277
16236.5
16239,3
16173.6

157344
15665 06
15660,8
15632.0
15688,7

7761.6
71,00,0
7215,.5
7258 .0
7hh3 02
7403 ,7
7130,0
7186 ,7
722002
7183.8
7176.9
7225,.8
7330,0
7259.8
6926,2
6925,9
6924.0
7103,.7
7279.8
7569,9
7663 05 )
7641,5
7334.3

I
(amps)

o 70745

073742

«66000
1,60592
1.61549
1,57267
1,62077
1,62277
1,62365
1.62393
1,61736

s 157344
. 156656
156608
»156320
2156887

77616
74000
072155
72580
Y 7‘#1-‘32
74037
71300
.71867
072242
.71838
71769
.72258
73300
.72598
069262
.69259
.692L0
.71037
72798
.75699
76635
. T6L15
73393

R
(p ohms)

72,7
73.2
73.9
74,0
7ll-oo
ThoT
Thol
The7
7L|-o8
7h08
7505

73.8
81.5
90,7
104.0

12505

72,2
100.0
1066
118.4
125.1
138,6
1.8.7
159.3
172.2
194.7
206,1
222.5
24405
25501
268,5
281.3
293.2
30L.9
326,2
3&305
363.8
381.5
LO6, L

9l

Remarks

Stress(psi)

0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
100,000

T(°K)

75.0
83.0
88,0
99.5
111.0

7805

93.0
100,0
106.0
11300
119.5
126,0
130.5
139.5
150.5
159.0
166.5
177.0
183,0
194.0
198.5
204.5
215.0
227,0
23840 :
251.0
263,0
274.0

Run 3

Ne léad te
yield stress

“at comstant
temperature
(liQUid Nz =
=196°C)

Run 4
lead =
70,000 psi

Rum 5
Ne lead
(Repeat )
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B, CALCULATION OF ELECTRICAL RESISTANCE

The resistance measurements were set up such that ene set. of
leads measured- the current passing threugh the specimen -'and"a'standard
resistance of 0,01 ehm, while the ether set -of ‘leads-measured the imtemtialo
Wp

MWe = current-veltagee (micre-velts)

.

potential veltage (micre=volts)

#

I “eurrent” in-amps

R

“resistance in micre eohms

SAMPLE CALCULATION
MVp (measured) = 116.7 m volts
JVc (measured) = 7877.3 m velts '

I = 7877:.3 x 10°° = 0,78773 amps
0,01

=]
]

116,7 = 126,0 micre-ehms
0,78773

C. CALCULATION OF :MAXIMUM ERRCR IN RESISTANCE MEASUREMENTS
I .

Maximum % Errer imn R = % errer in ﬂ;de + % errer in I,
Maximum % errer in I = % errer in W, + % errer in R
= 0
Maximum % errer in WVe = 0,2% (estimated)
Maximm % errer in R - 2 0,2%
at a temperature ef 150°K
R is appreximately 150 m ehms,
Therefore Errer in R = 2 0.3 m ehms
% error in temperature at 150°K is = 2%

Therefere errer in T = : 3°K



These error values are probably much tee large, simce the error

in temperature measurement is cempensating.,
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APPENDIX IV

MICROHARDNESS

TABLElI
THE RESULTS OF MICROHARDNESS MEASUREMENTS
KHN = 14,229 Ly,
L = lead (kgms)
1 = length ef imdentatien (mm)

% Values taken frem Departmental Tables

Specimen Avg, Filar Length(mm) KHN Remarks
Units
VO2T3 775.3 0,368 105,1
VOLT3 73804 0.351 115,5
VO5T3 775.0 0,368 105,1
VO6T3 733.2 0.348 117.5
VO7T3 691.3 0,328 132.3 %
VO8T3 735.2 0.349 116.8 &
VO9T3 ' - 66[&00 00315 114301& &
V1073 T8L.5 0,373 102.3
V1iT3 T84.6 0.373 102,3
V1273 756.6 - . 0,359 110.4
V13T3 815.3 0,387 95.01
VIAT3 773.7 0,368 105,1
V15T3 676,0 00321 138,1 pelycrystalline
V16T3 685,.4 0,326 133,9 polycrystalline
As Received 687.1 0.326 133.9 pelycrystallime

# Results invalid because of extensive defermatien which
specimens underwent.



