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" THE ELECTRICAL TRANSPORT AND MECHANICAL PROPERTIES
 OF TANTALUM MOLYBDENUM ALLOY SINGLE CRYSTALS :
* o Inorganlc Materlals Research Division, Lawrence Radiation Laboratory,

Department of Mineral Technology, College of Ingineering,
. University of California, Berkeley, California

By
Lenon I. Van Torne

January 1965

ABSTRACT

JThe bihar& alloys.of the-refractory ﬁetals;'Nb Ta, Mo and w.are
reported to form complete bcc SOlld solutlons with each other. Of the
i551x pos51ble binary alloys, only Nb-Ta and Mo-W are ductile at all
n’_ comp051tions. The others show cleavage behav1or at hlgh alloy compo-
‘bsitions. The purpose of this 1nvest1gatlon is two fold; the flrst
belng to determine the reasons and mechanlsms for the - occurrence of
.‘ cleavage and the second to increase the.knowledge of electrical trans~
‘ l’port‘in transition.metal,alloys.'

' The binary alloy_eeriee Ta-Mo wae'éelected as being representative
"of the alloys whichfShow cleavage. Single”crystals of the Ta-Molseries
,were grown at about 10 atomic perceot iﬁcrehents bj‘electron beam.zone

4 refining; The methods of investigation of the prepared crystals
l'includedin'specific.resistivity at.273°K,.77°K'andlh.2°K critical.
:‘1 resolved shear stress for plastlc flow or. cleavage at 273°K, lattlce

e ;i”f parameter determlnation, transm1s51on electron mlcroscopy and quantitatlve
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X-ray diffracted iﬁtensity measurements of {200} and {220} planes on
spherical alloy single crysfals.
‘This investigation revealed that the alloys in the composition

range of Mo-19 Ta to Mo-58 Ta cleave on the {100} planes. The lattice

. parameter measurements and transmission electron microscopy revealed

that the alloy seriesjis bee with no long range or short range order of

-]

a dimension greater than 300A or intermediate phases. X-Ray diffracted

intensity measurements from (200}‘and {220} indicate that there exists

‘a defiation from random solid solution in the crystals. The ratio of

constituent atoms on {100} and {110} differ from the ratio of astoms

corresponding to the total composition of the crystal in such a way'as

." to generate quasi-cubic domains for {100} and quasi-dodecehedral for

(110) deviations. However, even though there is a deviation from random
solid solutioﬁ composition on particular crystallographic planes, no
periodic arrangement of.atoms on these planes is evident. The increase
in criticai resolved shear stress for plastic‘flow with alloy composition

results from a corresponding increase in the Peierls-Nabarro friction of

~dislocations produced by alloying, composition deviations on {100} or

{110} and concomitant changes in the elastic coefficients. Cleavage

‘occurs due to & violation of the.strain energy restrictions on the

élastic-coefficients in a local region of the crystal. Alloying and
the existence of cbmposition de#iations change the elastic coefficienis,
in the range of alloys which cleave, to values which marginally fulfill
the strain energy-restrictions. The presencé of a critical density of

dislocations in a local region produces changes in the values of the
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elastic coefficlents such that the crystal 'is locally energetically

~unstable., The crystal then cleaves on a (100} plane which-relieﬁes

the maximum strain energy.

Marked changes in the slope of <0273°K minus p), 20K) versus alloy

composition at Mo-20 Ta; Mo-SO_Ta.and Ta-12 Mo reveal that there is a

relaﬁively large change occurring in the density of states in the & and

s bands and/or marked changes in the elastic coefficients at these allby

. compositions. .

g



I. INTRODUCTION -~

i

In recent times there has been considerable theoretical and practical

) Lﬂinterest focused.upon the elements nlobium, tantalum, molybdenum and tung-

7sten and the alloys formed by combinations among these four elements.
: There.is theoretical interest in the electrical transport and mechanical

properties of these transition elements and their alloys, since the

" mechanisms involved'in the behavior of these properties is not well under-
| . stood.: There is 1nterest in the practical application of these elements
“and’ their alloys, s1nce they exhibit very high melting p01nts which is an

'~fi dbviouslrequ131te for structural materials employed in high temperature

'environments

As shown in Fig.~l, these elements all possess the body centered

' cubic: crystal structure._ A preliminary investigation of the binary alloying

:behavior of the elements w1th each other have shown that all the alloys

_form;complete bee solid_solutions.l However, as shown in Fig. 1 four of
'Nvathe sir binary alloys formed by mixing hetween elements of group V -and’
VI, exhibit the undesirable property of cleavage for alloy comp051tions

_»1n the central portion of the binary diagram..f3 The reasons for such

AY

"'_behavior are not well understood.
The- purpose of this investigation was to determine the origin of thisf

"?\.behavior and the mechanisms involved, in addition to gaining new knowledge

’n-concerning bee refractory metal alloys. - To achieve this goal, several

methods of investigation were employed namely specificpelectrical resls-

Sl tivity at 273° K, 77 K and L.2°K, tensile tests at 273° K lattice parameterl

;,measurements, transmiSS1on electron. microscopy and x-ray diffracted in-

tensity'measurements These investigative'methods_were'necessary in
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order to determiné_if fhé observed physical behavior was p:oduced by any

-one or a combinafion_of the following:

' a."

b

Interstitiai impﬁrity effects which 1mmdbiiize dislocations.

Presence of brittle intermediate phases which form planes of

- weakness.

op

:  Long-range.or_short-rangé order.
Demixingvsﬁch aé présence of miscibility gaps.

'.Lafge increases in the Pelerls-Nabarro friction of dislocations.

the four38inary'bcc‘solid solution alloys of interest which show

_the cléavage behavior, Nb-W, Nb-Mo, Ta-W and Ta-Mo, the binary alloy

E'wgs"chosen because of ﬁhe large difference in x-ray and electron scattering

'”ﬂ?ﬂ;éystem~Ta-Md was selected for detailed investigation. This alloy system

factor and the closeness of the melting pointé of the two constituents.

-.Three crystals of Nb-W were grown, but the number of electron beam zone

. passes necessary to achieve the desired'purity'ievel was more than the -

- number required for'Ta-Mo.. Since many crystais were required for the

investigatiohs}»an appreciable saving ihrcrystal.preparation time was ob-

tained by using the Ta-Mo alloy system.

A e e e
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" II. EXPERIMENTAL PROCEDURE AND RESULTS

e,In‘this inveetigaﬁion several series of experiments wefe’carried out.

Therefore, the,particular experimental procedure and the results obtained

therefrom are presented together in this section in order to show exactly o

"how the data was taken.

-II-A. Preparation of the Alloy Single Crystals .

In investigations of body-centered-cubic mefallic.crystals special
consideration.mest be giﬁen_to the preparation'of the al;oys with regard
e_to interstitial‘impurities, It is common knowledge that interstitial
imﬁﬁrities,sﬁchvaéuoxygen, carben, nitrogen and hydrogen exert a marked
_1influence on;the electrical transport and mechanical prdperties of bee
E metals and alloys. Due to their high affinity, it is difficult to obtain
pﬁre materials;_ In iﬁvestigations involving the refractory metals, e.g;

v

those metals having melting points greater than 1800°C, there exists the

additional difficulty in achieving the tempereture and conditions necessary

for growing single crystals.

.. II-A-l. Description of Electron Beam Zone Refiner

In 1956 Calverleyy applied electron beam,heating to the prinC1ple v

', of.floatlng_zone reflnlng and since that tlme the technlque has been

iﬁpro&ed to the present state. .Refractefy metal and.alloy singie crjstals

- can be piepgred in a very pure sfate using tﬁis technique.

“An electron beam zone refiner was desighe@ ana constructed in order

:~jfto prepare the alloy single crystals used in this investigation ana in
lisubeeQﬁenﬁ investiga%ions of bcc reffactofy meeals and alloys.

’ ~An electron beam zone refiner can be described in terms of three -

general features, the electronic power supply and regulatlon, the_ '
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mechanical design and vacuum system. The main features of the mechanical
design are.shown in Fig. 2. .The specimen to be zone refined (A) is
mounfed in Ta "V" blocks (D) by a Ta.clié (E)s Only the lower speciﬁen
1 chuck is shown"in‘the figure, since the,upper'specimen'chugk is identical
in design. The electron gun assembly, composed of the electron emitter (B)
 contained %ith&n a Ta electrostatic déflection can (C) is mounted on a
,.translatioﬁ carriage (J), by’two.ceramic rods. The emittef heating
'f curren£ paéses through the Cu rod (P) and over the translation carriage (J)
5 Lto a Ta block té which 6ne‘side of the emitter is fastened by means of a
- set scfew. The continuity of the emitter heating current path 1is through
‘ a Cu rod (N)f The Cu rod (0) maintains the electrostatic deflection plate
';at the éame potential as the emitter, i;e.vat a high negative potential
“i_ﬁ§th the specimen ﬁaintained at zero’potential. However, since the
sPecimen_is-insulated from the unit thrbugh ceramic rod (F) and the sPeciMen
. heating (the electron beam current) flows through Cu rod (Q), the sbecimen
:; can be held.at;a high negative potential. The translation carriage (J)
v,rideénog hohed stainless steel guide rods-(L) through ball-bearing bush-
ings (K). Traﬁslation of the carriage is produced by the honed‘stainless

- steel rod (M)'which passes_through the wvacuum chamber by means of a

quad-ring vacuum seal. A gear rack and pinion are attached to rod (M) exterior

- ~to the vacuum system. A Bodine electfic‘motor and a Zeromax transmission
are used to move the rod (M) up or down at any speed between O and 1
-inch/min.j-The positioﬁAof the carriage can be set manually by moving

_;the speed_selection lever of the Zeromax. The upper specimen chuck can

» ; §be manually moved from outside the vacuuh,;this being a necessary feature

since the specimen is mounted in the chucks ih_two sections in order to,

- achieve correct alignment. The upper,andulowef“speéimen chucks ride on

3
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,;‘and Grimes.

T

-guide rods (G) in the same way as the translation carriage described above.
.The entire zone refiner mechanism is suspended-fron a thirteen-inch diameter

" stainless steel flange by the gulde rods. The supporting flange rests

upon a twelve-inch diasmeter pyrex cylinder. The vacuum seal between
flange and pyreivcylinder-is made through an,"L"'section gasket.

The vacuum system employed was sufficient to maintain the pressure

, within the chamber at less_than,lo-5 torr during the first fusion pass.

-After the first pass the pressure remained near 10‘6 torr. - The vacuum

ion gauge was mounted in the chamber, and even though it is recognized

thet the pressure in'thevregion'of the emitter can be greater than the

}gauge reading, the pumping speed of the vacuum eystem 1s sufficient to

make this difference a minimum. Backstreaming from the diffusion pump

""" into the chamber was maintained.at a minimum by a refrigerated chevron -

1

“baffle trap. -

The success or failure of an electron beam zone refiner is deter-

mined by the ability to maintain'the energy supplied to the molten zone

within narrow limits (¥1%). This is a consequence of the fact that the

molten zone is supported by surface tension forces. The abilit& to

- regulate the energy supplied to.the specimen as’one approaches the»melting

" point is as important as maintaining the energy within narrow limits

after the specimen has melted. The modes of_0peration of an electron

beam zone refiner have been analyzed and are lucidly discussed by Sell

5, They advocate regulation of the beam energy on the dc smde

of the electronic system. . The _energy regulation system used in this ;

-

‘-'c‘zone refiner was constructed with due consideration given to ‘the
recommendations in their paper. _Theaperformance of,the system~has met

Tall expectations.-
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Since the high voltage and electron beam current employed in zoning

a given specimen depend.oh the material and specimen geometry, no particular

velues will be given; vHowever, the maximum output«of the power supply is

10 kV dc at l.S'amp;, The maximum power-used up to the present time was

: f6 kV atvO,S amp. which was used for zoning a 0;250 in. diameter tungsten :

. rod. s

e

Purification by an electron beam zone refiner results from the high -

energy of the electron beam Whlch is capable of decomp051ng the most stable

compounds in the presence of a high vacuum. It is believed that theecom—

: pounds decompose yielding gaseous products. These gas products are re-

" moved from the region of the melt. by the vacuum system. Therefore the

1.ultimate level. of purity’is dependent upon the'quality of the vacuum in

vlthe region of'thevmelt and the ability to‘superheat the melt. However,

there is the problem of large losses of metal through evaporation if the

. pressure of the system decreases far below the equilibrium vapor pressure .

‘of the melt and the-pumping speed.ls high.

The efficiency of this zone refiner was demonstrated by two examples.

A 90% TaC (MP =~ 4000°C)-10% NbC;rod.was giyen one molten zone pass.‘ The

':\ﬂ'result of this pass was to produce a ductile metal rod. This demonstrates
flj that even the most stable compounds can be decomposed and then removed by
'; the vacuum from the system. The second example is the attainment of large'

T values of the’resistivity'ratio; e.g. 9273.K/pu 0ok in Ta crystals. A

value of 10,000 was measured on a Ta. crystal which correSponds to a

Q;. residual level of interstitials equal to 3 impurity atoms 1n lO9 matrix

atoms.. See Appendix II for this calculation.

L II-A-2. Growth of Ta-Mo Single'CrystalsA

- .Several different diameter Ta and Mo rods of commerical purity were



o

| obtained. The humber of Ta or.Mo atomsiin unit length‘of a rod of:given
i diameter . can be computed.in 8 straightforward.manner. From the results
of such computation a combination of rod diameters is selected to give

| the desired alloy composition. In this investigation 10-at% increments

were desired, however, this was not always achieved because of the limited

7. choice of rod.diameters. Since the “alloy compositions attainable from

the choice of arailable rod diameters was considered to be a sufficient
.ifrepresentation of the binary’diagram,‘the;effort necessary in machining

the rods to a particular diameter to achieve exact 10 at+% increments

“.was unjustified.'

The selected.combinationlof.6_in. long Tg and Mo rods were bound

together near the rod.ends with 0.020.in. diameter Ta wire. This combina- -

tion wasvthen clitped.into_the specimen chucks of the refiner and given
. tnree passes (l in,/min. at a temperature of.about 206°C below the melting
kpoint of the lower melting constituent in order. to remove as much res1dual
gases as is p0531ble without melting. 'Next,'a fusion pass is made  at

1 in./h min. to consolidate the rod comblnation. ‘During this pass a
| , considerable amount of lmpurities are removed by the vacuum system as

. evidenced.by anvincrease,in’pressure to abou.t'3--l+XlO_5 torr. The second

zone melting pass is initiated at the lower end of the rod. ‘The molten

zone 1is held stationary in order to allow one crystal, in contact with the'

melt, to dominate all others. Following this incubatlon period the molten '

.'zone is moved along the rod<at a speed of 3 1n./hour. The rod is zoned -
_;,1n bothAdirections in order to alleviate any tendency to concentrate

. either alloy COnstituent'at one end of the rod.' Since that portion of

o " the crystal 1mmediately adjacent to the molten zone is about 50° c below

~the melting point the atoms in this region are very mobile and thus seek

g 3 o ey o e 3 Y Vot

s 3 o o
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their equilibrium'positions in a crystal_in a time that is short compared
to the time for the melt interface to move an incremental distance. Also,
there exists a'movihg temperature gradient along the length of the rod

behind and in front of the molten zone. This moving‘teﬁperature gradient

ensures that the'crystal is in a state compatible with slow cooling. The . -

" molten zone is cbserved to be in a continually agltated state. This is a
" beneficial phenomenon, since it promotes complete mixing of the alloy con-

-stituents and assures a homogeneous crystals.

II-A-3. Proof of Single Crystallinity

There are several ways to judge whether one has been successful in
érowing a single crystal. These tests were always made, and now will be

jf,discussed. Thermal etching of crystal boundaries has been observed on

" polycrystalline specimens of this alloy series. Polycrystalline specimens:

are easily obtained by moving the molten zone at excessive speeds. There-

fore, the firstxcheck for single crystallinity is a visual inspectionxof
V.the crystal'surface uoder a microscope at 30X magnification. If the

crystal passes this inspectlon, it is then placed in an electropollshing
- bath with the current set at a value which produces severe etchlng of

" crystal boundaries. If thevcrystal passes the second test, then reglons."

Aof the crystal are examined by taking’backfreflection Lauve patterns using '

a large pinhole: (0.050 in.). The iarge pinhole is used to sample a larger

_area of the crystal.chhe latter-test_furnished information concerning

©. . small angle boundaries, since these boundaries split the Laue diffraction

f';spots. S

A shift in the alloy'comp051tion by preferentlal evaporation of one
"alloy constituent has been considered and is estlmated to be negligible,

i. e., less than l at % either way. However, this effect could become

e e

T T
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appreciable in alloys containing high vapor pressﬁre constituents such .

as chromium and vanadium.

II-B. Procedure. for Obtaining a Uniform Single Crystal Cross-Section . -

It is necessary to have a uniform cross section over a consider-

€%

able length of crystal in order to meke specific resist1v1ty and critlcal
resolved shear stress measurements. Since the as grown crystals were
7 not uniform in section to the degree desired, the procedure discussed
, , .

" below was developed.

3 11-3-1. Cutting of Single Crystal Sectlons -

Since the total length of zone refined cryétal was in excess of
H i1four inches, a method for cutting shorter sections was needed. Sections.
" of about one and five-eighths in. were cut by two methods.  The zone .

\

" refined crystal was rigidly cemented to a wooden bléock. Crystal sec-

"'»ﬂ,tions of'the end members of the binary alloy series as well as the

Vduétile alloys were cut with a jeweler's saw having 60 teeth to the
'inch. Crystal sections of the brittle members of the alloy series were

cut with a diamond saw using a flowing stream of kerosene as coolant.

vk)vII-B-2, Méchanical Polishing the Crystals

N rThe mechanical ?olishing fixture which was used for all the
crystéls in this investigation is sketched in Fig. 3. The cup center
showﬁ in the figure.is spring loaded in order to prevent bending
moments grising.from.binding of the crystglf :The force the crystal

. exerts upon the polishing wheel is adjustable from zero to about

five pounds by means of a counterweight and a‘leéd screw.. By adjust- ' >

V.Ving the lead screw the diameter. of the»crystal can be decreésed at a

< et - vy
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rate of abd;ﬁ d.OOlfinQ/min; A sﬁeédyvstreaﬁ of water applied.tb the
. crystal surface prevents heating of the cryétal and promoteé a sﬁooth
- surface. The crystal section islfedﬁced to the dimensions given in

the figuré by mechanical polishing. Any damsage incufred ﬁo the sur-

face oflthe crystal during mechanical polishing is removgd.by electro;
- polishing as described in the following paragraph.

- II-B-3. Electropolishing the Reduced Crystal Section

From 0.025 to 0.030 in. was removed from the diameter of each
crystal by electropolishing. The Mo crystal was electropolished in a

' '60% conc. HQSOh-hO% Héo polishing solution at a current density of 1.9

",¥f amps/ine. The remaining crystals were electropolished in an 807 conc.

p: SOh-EO% conc. HF polishing solution at the same curreht density. It

. -was observed that the concentration of HF in this solution was not

" critical and equally good polishes were obtained with HF concentrations

~ in the rangé'lo% to 40%. The dissolution rates of Mo, Mo-TTa and Ta
~ Wwere observed to be anisotropic as was evidenced by dissolution figures

whose. patterns showed the point symmetry.of the crystal and by devia-

‘ tions in the diameter of the crystal cross section of about +0.002 in.

' The geometric arrangement of the diameter deviations had four-fold

© - symmetry.

The back reflection Laue diffraction spots of the crystals after

" .electropolishing showed no asterisim, thus indicaﬁing that any sur-

face damage incurred'during mechanical polishing had been femoved.

II-C. Resistivity Measurements

‘Electricalvresistivity measurements of an ailoy series is a




e

' traditional method of.metallurgical investigation; A graph of-the

specific electrical resistivity versus alloy composition will indicate

the presence of second phases, intermediate compounds, and

' ¢orderingithrough'thewappearancenofcinfleetidnipointssor@.L}a1 973

+ .~ plateaus in the graph. The specific resistivities of the alloys under

S investigation were determined at 273°K, T7°K and 4. 2°K.

B

7III C- 1._ Instruments for Resistiv1ty Measurements

The specific resistivity of each crystal was measured at 273 X,
l; 77°K and k. 2° K u51ng the d.c. method and applying Ohm's Law.~

‘ Ohm's Law can be written

°
X

- Mt
S

guplwhereli"flfi .- p . is the specific resistivity of the

cerystal,

the current I flowing through the

'crystal and

s’,itE_YiS‘the potential‘developed between
| vtwo points parallel to the direc~-
tionvonI and separated'by a
T distance L.
o The dc durrent was supplied by a 30 amp. Regatron solid-state A
"iipower supply operated in the constant current mode. An external
iire51stor is required to ‘operate the power supply in the constant
x‘lgcurrent mode. .A Leeds and Northrup 0.0l_ohm,_lOO amp. resistor was'f

‘y',;-employed'for this purpose.'-This resistor served a dual purpose, the

“i*A 1s the cross section area normal to




constant to one part in one thousand.

L 15e

first as external resistor for the constant current power supply, and

the second as a guage for measuring the current flowing through the

{-crystal by measuring the potential developed across it. .This resistor

can be considered to be an isothermal resistor since it 1s thermally

~ massive. A leeds and‘Northrup millivolt poteniiometer having a

'f_sensitivity of % 0. 1 millivolt was used to measure the_potential

developed across the 0,01 ohm external re51stor described above. After

"N the thirty minute warm up" time the‘current was observed to remain _'

!

The potential developed along the length of the crystal was

' measured with a Rublcon six dial thermo-free potentiometer. This

" potentiometer demonstrated the ability to detect changes in potential

of ten nanovolts.
An Astrodata Model 121RZ nanovoltmeter was used to determine the

null point;v This instrument has a sensitivity of two nanovolts per

o millimeter. ‘However, even though OFHC copper leads were. used with low _

~ thermal emf solder at connections between crystal and potentiometer and

gold leads between potentiometer and null detector, the noise level
indicated on the null detector was * five nanovolts. This wae the

noise level remainlng after warm up. By passing currents of from

»,O 900 to 9.000 amps through the crystal the potential developed along
the crystal was greater than one hundred nanovolts in all measurements -

"therefore the nomsellevel was negligible compared to the signal.

For resistiv1ty measurements at 273° K an lce and dlstllled water

bath was used. A liquid nitrogen bath was’ used for the T7°K measure-~

ment and & Hofman ten leter: liquid He dewar was used for the 4.2°K

e g et ok vy ey =L e
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_meaéureﬁeﬁt.  Ih'ail-ﬁeasurements the déﬁar probe with attaéhédv
pdtential probe fixtu¥e remained'in the temperatgre'environment for a
period of not less than twenty minutes prior to making the measurement.
.'-This procedure ensured that the crystal was at the same temperature as

the enclosing media.

AII—C-2.“Potential Probe and Current Lead Fixture .
| Thé poteptial probe and current lead fixture designed and con-
strgcted for the series of resistivity measurementsvis shown in Figr 4.
.This fixture‘was used for resistivity measurements é£ 273°K, 77°K anq
k2K | | |
Iﬁ the figure; the dewar probe (A) is qonstructéd.frqm a one

.and three-eighths diameter stainless steel tube. The carriagés and

b'ways of the pdtehtial probe fixture are constructed of pOlyvinylchloride{

The fwo cgrriagés (B) serve the dual purposé of current lead connections
" - and to hold the‘éryétal in the "V" groove of the way when measurements
.are made on long (siX inches) grystalso The-cryétals of this investigé-
;tion'Were no longer than one and five-eighths inches, therefore the.
carriage with current lead screws (C) and potential probes (D) wés
more efficient. The "current is carriedféo tﬁe crystal through thirty
strands of nﬁmber fhirty Formvar copper Wifea These current leads
. terminate in clips.which are fastened to the brass screws (C). The
| bundle of currenf leads whicﬁ attach to the lower end of the crystal
‘pass through the slot (E) in ‘the way. The current leads are ”fluffed"
“;in the interiof 6f.thé dewar proﬁe in brder fo take advantage of the

';cooling effect of the évaporated helium eﬁergihg from the dewar. This

B
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procedure'held the liéuid helium consumption to about one liter per -
meésurement; The resistivity measurement at'77°K alsé sefved to
precool the fixture for the measurement at 4.2°K.
The poﬁenfial signa; was taken from the crystal through the press
| fit steel poihts inserted in the brass screws (D). The signal is
carried up through the déwér probe by two number‘thirty Form&ar wires.
. The surfaces of the two screw heads (D) and atfached nuts are cocated
" with low emf solder. The fotentiél signal heads are also coated with
low emf solder and are compressed between the screw heads (D) and
- attached nuts. | |
In order to measure the resistivity_of,the Ta crystal, it was
vneceésary'to increase thé cﬁrrept to a value exceeding the supércon-
ducting critical current density. The superconducting transition
"temperature'of Ta is 4.5°K and an increase from S,SIO'fo 8.920 amps,
~ for thié crystél cross section, was necessary to exceed the critical
_cufrent density. When the current was increased to 9.582 amps. the
~ crystal "decoupled" from the'liquid‘helium_as,was indicated by an

unsteady null.

'II-C-3. 'Détermination of Crystal Cross Secﬁion gnd ?otential Probe
4 Separaﬁion | "
The diameter of the reduced section of the crystals was measured .
-in more than ten positions with a micrometer having a sensitivity of’
. O.dOOl inch. VThe di§meter,used in the. computation of the cross séction
'.,areavwas the arithmetical averagé ofy these ten_measuréments.‘
The steel points of the.potential probes élaced permanent "pip"

-marks on the crystal surface. These pips give the exact points of

s po s e i o e
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‘>,contact of the potentiel'probe and the separation of these marks is the

length of the crystal over which the potential is measured. .This length

The contribution to the resistivity produced by thermal volumetric

'v,contréction over the temperature range of the measurements was calculated
‘ e to be a negligible fraction of the total resistivity measured.

II-C-4. . Specific Resistivities at 273°K, 77°K and 4.2°K

"Upon giving dve consideration to fhe sensitivity of_the'electronic'

" measurement instruments and the sensitivity of the dimension measuring
-~ instruments, the maximum error in each resistivity value shown in

. Table I is. estlmated to be less than one-half of one per cent.

Flgure 51s a graph of the spec1f1c resistivities given in Table I

.- versus alloy compositlon.' It is immediately 9bv1ous from the figure -

“1hthat the specific resistivity at 273°K, i.e.pé73°K, approximates to a

linear function of the atomic per cent Ta up to and including 50

fatemie per cent '_Ta... The slope c;f this line is 0.394 (p Q-cm). In the
K Ta base elloys, p237°K nearly obeys the classical parebolic relatien
 except for alloy Ta-12Mo. A detailed discussion of the features of
 ;fth1s graph will be given in the Discussion of Results.'
The increase in resistivity arising from an 1ncrease in temperature.
from 4.2°K to 273°K is due to an increase in the freqpency and megnitude

© of electron wave scattering.’ Electron wave scattering events are pro- ,

'Tlportional to the freqpency and amplltude of atomlc vibrations 1n the -

crystal. The amplltude of v1bration of an atom in a crystal is

i dlrectly related to the elastic constant of the crystal, i.e. the

. was measured with- a traveling microscope hav1ng a sensitivity of #0.0001 in.

i e an e mns e e




Table I Specific Resistivities (u Q-centiméfers)

v'.ng_

~ Alloy

p273°K

oTT°K.

" ph.2%K

Mo

Mo-7 Ta
. Mo-19 Ta
" Mo-28 Ta
. Mo-ho Ta, )
o Tas50 Mo
‘:fxTa—h2 Mo ':
Ta-30 Mo . -
 Ta2lMo

L Tgal2 Mo <

Ta

5.02
. 70)"'3 N
11.8

- 17.3

2l.2

- 25.7

23.0 .
20.5 -

19.9

- 12.2

0.435

3.22

16
12.8

15.9
19.4

19.1

15.7
11.6

100

2.34

0.00588
2.61

7.167

11.9

g

18.0

7.7

13.7
9.35.
7.54

© 0.00127

SO

I
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elastic complianceé'and their inverse the elastic stiffnesses.
: ' ' i i litative indica-
‘Therefo;e, - grgph of p273°K minus pu.eoK‘glves a qualitative ‘ y
" tion o% the way the elastic constants vary with the alloy composition.
A graph»qf 9273°K mings Py ok versus alloy composition is shown in
Fig. 6. There appears to be a large change in slope in this curve in
" the region between Ta-50 Mo and Ta-l2 Mo, and at Ta-12 Mo and Mo-19 Ta.
- The features of this graph will be fully discussed in the Discussion

of Results. '

II-D. Resolved Shear Stress Measurements
4.Tensile tests were made at 273°K in order to.deterﬁine within
'-vwhichvrégions of ﬁhe binary glloy diagram what mode of crystal 5ehavior
_ under,a‘tensile ioad‘pfedominates. Three possible modes of behavior |

.. of a crystal'upon application of a tensile force are plastic flow,

j cléavage'and mechanical twinning or & combination of ény or all of these.

II—Drl; ~Deterﬁinatién of Tensile Axis QOrientation
To determine the components of applied stress on a givén crystallo;
..graphicvplane andfin a direction contained in that plahe or normal to
~it, the tensile axis must be known prior to application of the tepsile
- ioad. v | | | o o
| The’fensiie exis orientation fixture shown in Fig.'7 was used o
 make X-Ray Laue ﬁéck,reflection photographs of the crystal. -As can be
" seen from the-figure, the center of-thé Laue photoéraphicbrresponds'to
ﬁhe intersection_of é line;pormal_to‘tﬁe'tensiléléxis. 'THé Lauevi
‘ipattéfps ﬁére‘sol&éd'by fhe'method of'zones;descfiﬁed‘by Cullity.6

 In this geometric arrangement of crystal aﬁd Laue photégraph, the

et e Ay © S winee e gt
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tensilé-axié §§iﬂdide§ with the north poléxof thévstéreographié'projec-
_tion'obﬁainea from the_solution of-the‘paﬁtern by.the.metho@ of zones.v
The tensile axis of all the crystals investigated prior to the
vtenéiie tést-are plotted in the stereographic triangle of Fig. 8. The
maximﬁm_deviatioﬁvéf each point is estimated to be less than or equal
to two degrees. - | |
:A set of ténsile grips were constructed forvthis series'of tensile
testé as shown in Fig; 9. The reduced section of the crystal has an
’ éll ardund cléarance of 0,00k in. from the grip. The grip makes con-.
- “tact ﬁith the shoulders of the crystal as shown gn the figurg. The
'assembled grips and crystal were connected to a floor model Instron'.
tensilextesting machine through a system of linkages, pins and uﬁiversal
joints. The grips and crystal were completely immersed in a dewar,éf
i;e and disfilled water. A periocd of twenty minutes was allowed to
.ielépée prior to testing to allow thg system to come to the femperature
~of the bath (273°K). The strain rate_fbr all tensile .tests was 3.33xio'“,
per sec. » | | |
The ténsile curve of a crjstal which‘deforms by plastic flow is

shown in Fig. 10. No significance can be attached to the per.cenﬁ'

7j-élongation; since the crystal "necks" and thus the strain is hetero-

- geneous. TFig. 1l shows the tensile curve of a crystal which deforms

SR predbminantly by cleavage. All of the crystals that failed”by,cleavage

- QLVShOWed sdmeISlip*lineS'on their surfaces. at a 30X magnification. An

"1.analysisvof these slipjlines could;ﬁot be made sinde the crystals are

" cylinders andfci?cular_in'cross‘sectioh{ 'The very slight serrations
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in the tensile curve of Fig. 1l are attributed to the occurrence of

slip ﬁhich produces the observed slip}lines#
The load versus elongatidn.for those alloys which flow plastically

together with,thé orientation of the tensile axls are shown in Fig. 12.

The load versus elongation is plotted rather than the true stress-true

strain because the deformation along the gauge length was heterogeneous.:

The expressions used to calculate the true stress-true strain assumes
that the area normal to the load alohg-the gauge length end the gauge
vlength itself_éhange uniformly during'plastic flow. This was élearly
.5223 the case for these crystals. Thefefore the tensile curves plotted"

in the figure were taken directly from the Instron tensile machine.

With the exception of Mo-7 Ta the cryétals necked dbwn rapidly and -

 'the'cross section of the necked region was non—circulaf, indicating that
at least fwo:slip systems were opergting after the initial plastic flow.
However, only the Mo crystal shows a marked degree of work hardening.

'II-D-2. Determination of the Cleavage Plane

A Laue back reflection technique Was-deviséd fo determine the
cleaﬁagé plane. A sketch of the arrangement is showﬁ ih Fig. 13. A
pin hoie_fixture.was constructed so that %here Qeré_two pinholes H
0.025 in. in dia@eter Separated by'the,lengﬁh of the.pinhole fixture.
By inserting a straight 0.020 in tungsten rod into both pinholés thev

‘direétion of»theiincident X-ray beam is closely apbroximated. With
!the:tungsten rod inserted in the pinhoieé,vthe cfystal is visually
adjusted tb the posifion.where the rod. has normai incidence to the

' cleavage plane. The crysﬁal-was held in position by Plasticene. In
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every case a {iOO}_pole was within ten degrees of the center of the -

Laue -pattern. Therefére, the cleavage‘piane was considered to be {100}.

:II-D—3. Resolution of the Shear Stress

For those crystals that flow piastically the tenslle stress was

© computed from the load at the lower yield point. For those crystals

whiéh cleave the tensiie stress was computed from the maximum load

attained.

The active slip systems at 273°K‘in Ta énd Mo are known‘to be

{110} <Q11>. Therefore, the active slip, systems in the alloys that

" flowed plastically were also assumed to be {110} <111>. This is &

-; plausiblé assumption since all the alloys which flow are bece and are

nonionic solids. The computation of the critical resolved shear

T

stress for slip was carried out using the formula derived by Barrett.

.In this context, critical resolved shear stress is taken to correspond

to fhé shear stress on the most favorably oriented, with respect to

the tensile axis, (110) plane in a [111] direction contzined in tﬁat
plane which produces appreciable plastic flow at the given setting of
teﬁsiie machine pérameters. The most favorably oriented‘sliﬁ system

was‘detérmined by angular measurements from the tensile axis which was

- plotted on a stereographic projection.

>In4the‘c1assical treatments of cleavage of crystals, the stress

normal to.the cleavage plane is considered tb be the imporﬁant stress

:‘;‘ parameter,' HoweVe:) these,treatments;have their shortcomings when -

épplied to iron and tungsten.Bv In this investigation both the stress

. normal to the cleavage plane and the meximum shear stress on the

“cleavage piane were computed. No correlations_could be made with the

FaRY




stress normal to the cleavage plane.

II-D~k. ShearIStress

The critical shear stress for flow of cleavage versus a;loy
‘composition is shown in Fig. 14, As shown by the figure, Ta alloys
containing up to 30 aiomic per cent Mo flow plastically at 273°K and
‘Mo alloys containing up to 7 atomic per cent Ta also behave in a |
‘similar manner at thié temperature. Furtﬁermore, alloys of intermediate
.icomposifion fall by cleavage. The features of this graph will be
1 treated ih detail in the Discussion of Results.

TI-E. Iattice Parameter Measurements

The lattice parameters of all the alloys of thislinvestigation were
"measurgd fér'two'main reasons, the first being to verify whether Ta-Mo
. . alloy éeries'is complete beeé. solid solution from indexing the X-ray
'vspeétra and secéndly to determine any crystallographié changés which
lfwoﬁld be suggested by infléctions or plateaus ih a graph of léttice
parameter!versﬁs ailoy compositipn. | |
An x;ray diffractometer was employedfto méasure the lattice
'_ parameter‘for.the followinglreason. The alloy poﬁders were prepared.
v'by filing with a CO‘file, and thus the pdﬁders were in a cold worked v.
 condition. Both the elements Ta and Mo have a large affiniﬁy for
oxygeh,.niﬁrogen and hydrogen. - Therefore, if tﬁe powders were encapsu-
lated in quartz éndAannealed; the pbwders would become contaminated by
._.these gases which are absorbed on the surface of the powders and the |

quartz. .Since the surface to volume ratio of a particle increases sas

" . the size of the.particlé decreases it was estimated thaf as much as two
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Table IT Shear Stress.for _Fléw or .Ciéa.vagev

CAlloy - -

Mo

‘Mo-T Ta = .
g

| Te-12 Mo

S1lip on {011)<111>, Kg/mm2 ;

3.63-
5.4l

- 5.10

' 13.3

Ta-21 Mo 'A; »

M- Ta §fFffi

 Mo-28 Ta -
" Mo-ko Ta
Ta~50 Mo |

mg-lo Mo

| Ta.'-3O‘Mo‘1_‘".f-."',_ R

1.2

. -26.8

11.0
'5.06
7T.76

8.90 .

C11.h

"'-V'_”'Cl‘ea\}agve on {100}, Kg/mme:'r on (011)}<111> - . |

7.70

- 21 1 |
 6.60

2.60 |

3.58 -
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atomic'peréent'interstitials could'beedissolved by the powdere. The

dissolution of interstitials to thies extent would have a measurable

 effect on the lattice parameters of the alloys. Therefore, the lattice

parameters were measured from alloy powders in the as filed condition.

An x-ray diffractometer was employed to measure the lattice parameters
'Vbecause the position of a broad diffraction spectral llne can be

'_measured more accurately from dlffractometer spectra than from films

obtalned from the traditional powder cameras.

© . II-E~L. Powder Preparation

The powders were taken from the region of the crystal adjacent to

&:the cut made by the removal of a crystal section for - the resistivity and
* tensile measurements. The powder which passed a 200 mesh screen wes

- nmounted. by lacgquer on a glass disc as.shown in Fig; 15. This glass
S‘disc was cemented to an aluminum disc which mounts on the specimen

‘spinner of the diffractometer. The specimen spinner is constructed in

such a way that the surface of the powder specimen is centered on and

tangent to the>diffractometer axis., The glass disc prohibite a con-

b":_tribution to the x-ray spectra from aluminum lines and the rotation of
7-_the powder makes the powder particles appear more randomly oriented to

" the incident x-ray beam.

II-E~2. Diffractometer Alignment

‘Prior to every lattice parameter measurement the diffractometer

e5¢ﬁ vas aligned and leveled. The scribed gauge bloeks were inserted and

iieQ'the diffracﬁometer Set to these, then the i;fey tube was replaced and

”g.]:fine adjustments of the beam were made at two theta eqpal to O 00 by

;vobservation of the rate meter max1mum readingn Diffractometer align- -
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nent is always reqniSite for precision.lattice paraneter measurements
) _with this instrument. | | S
The following pertinent ‘diffractometer parameter settings were
'iemployed for taking the x-ray spectra for the purposes of indexing
,Copper tube operated at 34 KV-23 ma 1° beam slit X MR Soller,.
slit X 1° Detector S1lit and a nickel filter for K beta,counter
~otbime constant of two seconds, two theta scanning speed. of two
' 'degrees per minute. _ | |
.t {?For the purpose of determining the position of the spectral lines .
'f:'the:following changes in diffractometer parameters were‘made: .
. . detector slit equal to 0302°. |
\.counter time constant equal to 0.5 sec.

two theta scanning speed of 0.2° per minute.

/

’ ;IInE43. Lattice Parameter Results:

The position of the X~ray diffracted line was determined as shown

= in Fig. l6 It is obvious from the figure that copper X alpha one and

. alpha two are unresolved, therefore the wavelength used in COmputation

:of the lattice parameters was the weighted average of these wavelengths,
,v.the weighted average being taken in the accepted manner.

The x-ray spectra of every alloy indexed 'as body centered cubic as

- -previously reported.l No anomalous or superstructure-diffraction effects g

7.. Were observed. .

" The lattice parameter computed from each spectral line measured.

-'f:m_for a given alloy was plotted against sin'sqpared of theta. A line was.

‘f._drawn through these pOints giving progressiVely increased weight to the

o higher theta values and extrapolated to sin sqpared of thets eqnal to one.

S e e L TNy e L =P
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E:LA comparison hetween the lsttice parameter of Mo measured in this f
| A d;-investigetion and the value reported in the A. S T M. x—ray Card Index
'gﬁlxﬁriif::showed that the value obtsined in this investigauion agrees within
| ii experimental error. . ud_" _ '-,' | - ‘,sf " '7M-;'.
The measured lattice parameters are shown in Table III, and
”plotted versus - the alloy composition in Fig. 17 The line connecting |
::iy.the end points of the binary alloy is the locus of all la*tice parameters
lof an ideal random solid solution, € Vegard's Lew. It is evident
ﬂil_from the figure that this alloy series shows a positive deviation from <”;
lu.ilvegard's Law with the sole exception of Mo=-T Tao. Such behav1or suggests;ifl o ;
that the atomle "size of one or both of the consti tuent elements | C ‘
- h'!vchanges upon the formstion of the solid solution. Further details will SRR
..’.be given in the Discussion of Results. | | | |

IImF._ Transmission Electron Mlcroscopy . . R "'f “1‘5 -

The dynamics of dlslocat ons plays a major role in the mechanical
‘behevior of’ crystals. The interaction of dislocations’ with'imperfections"ff}§ b
“in crystals can be studied in detail by the employment of transmission

. electron microscopy methods of investigation._ In addition, other

:tcrystallographic imperfections and features can be investigated in‘ o

:fldeteil from their influence within the reciprocel lattice. Since the i-fij,fﬁﬂ':‘;
“;{ wave length of lOO Kv electrons is very short and thus the radlus of :' ‘
oy n7d:the Bwald reflecting sphere becomes large, plane sections of the

'freciprocal space ofcthe crystsl, to severel orders of reflection, are :*° 3

e f@:imaged in the selected area electron diffrection pattern., Therefore, e

transmission electron microscopy has become a very useful tool for

B
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investigation of crystal imperfections. Transmission specimens of the
crystals which were meaedred_in the resistivity and tensile series of
experiments were prepared and thoroughly examined in‘th¢ electron

microscope.

- II-F-l. .Sectioning of the Single Crystal Specimens

' A spark discﬂarge machine using a moving 0.020 in. dia. copper

. wire as the céthode was used to cut circuiar discs from the reduced
.};sections of ﬁhe crystals;' The energy of £hé spark discharge ﬁas ﬁain-
'tained at a minimum in order to promote a smooth‘as possible surface
at the cut. The diémeter of the reduced section of the crystals was
"jvchosen'to be the same as the diameter of a Siemens electron micrdscope

grid because electron microscopy was planned to be an integral part of

‘this investigation. The geometry of the discs as cut was about 0.060 in.

thick and 0.090 in. .in diameter. In order to have a 1iquid tight

. jundtion between the disc and the teflon micro-electropolish specimen-

' . holder, about 0.007 in. was removed from each face of the disc by hand

'sanding on number 400 SiC paper. The temperature of the specimen
‘remained near room temperature.

II-F-2. Micro-Electropolishing

It was necessary. to develop a method of électropolishing the discs :
described above tova thickness in the center of the disc Of less than
2000 angsfroms. This was accomplished through the use of the micro~
electropolishing arqgngement shown in Fig; 18. The diéé of crystal
Z-is secured in the teflén holder such that the disc.is concentric withv'
_the’hoie in the upper and lower halves and’ makes a liquid tight junction

- with both halves when the three bolts are tightened. A platinum conductor

o T e 1= St ey A e S5 S s 08 7 £
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strip contéiﬁing'a hole.of diameter greater thén the diameter of the
disc makes'contact with the side of the disc and serves as the

electrical connection. The assembled holder is then concentrically
placed upon the stainless steel tube and electrical connections are

made as shown in the figure. The electrolyté used for this alloy series

.is composed of 90% conc. sulfuric acid plus 10% conc. hydrofluoric acid.

The hydrofluoric acid concentration is not critical and can vary between

’-5% to 20% without deleterious effécts. The electrolyte flows through a
- flexible tuBe from a reservoir at a position of 18 in. above the
specimen holder. A pinch'valve on fhe incoming electrolyte tube is
qdjusted'so that the electrolyte flows freely through the stainless

- steel tube and wets the adjacent surface of the disc. Electrolyte flow

- in excess of this amount is unnecessary and should be avoided. The disc

.:is then'electropplished to a depth.of'about half the disc thickness at
a current density of approximately 60 amps/ing. This current density :
may seem alarmingly‘high; however, it is to be recognized that the
'freely flowing electrolyte serves a dual purpose in that it is.also a
coolant for the specimen. As the crystal is electropolished a "dish-
shaped" depression is‘devéloped in the disc. The specimen holder is
then invented and electropolished at the same curreﬁt density on the .
opposite side for the samé period of time (about three minutes). The
: current density is then-ioﬁered to 2 amps/ine,and the upper surface of
*_.the disc is observé? through the 3OX}binocular microécope. The first
indication of electrélyte dppearing on the surface of the specimen is
>ithe signal to breakifhe electrical path and thus stop polishing. This

occurs in about 20 minutes.

= et = b = s 18 v rentrr o S
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If one waits until a hole is vislole, most of the thin regions,
-i. e. the region transparent to 100 KV electrons, in the center of the
dlsc‘has.been polished away. The specimen and holder is then removed
from the contaiher end flushed with methyl alcohol. The specimen is
removed from the teflon holder aﬁ& is ready for observation in the
elec#ron’mlcroscope. Since the disc is the same diameter as the
 Siemens grid and the disc is thin only in the center, no cooling ring
or grid is necessary.
The electropolishing ofvspecimens suitable for transmission

'1 electron microscopy is more art than science. Therefore, some comments
~will be made which may be useful to someone.contemplating the applicaf

tion of this.techhique. The surfaces of the specimens prepared with
'*;v freshly made electrolyte Were contaminated with a residue of dissolution
producté. Several solutions were used in attempte to remove this
:reeidue; e.g. 3% chromic adic, 5% potassium permangate, -10% potassium
dichromate, dilute nitric-hydrofluoric solutions, 5% sodium hydroxide,
5% magnes1um perchlorate and lO% ammonium hydroxide. The dllute nitric
’A hydrofluoric solutions were partially successful but tended to dlssolve

. the thin regions. Some fair results were obtained with the 10% ammonium
'f hydroxide for the Mo base elloys. lFortunately,_after the solution had

been used for two days the contaminating residue diminished and finally

. *J[ vanished. This indicates that thevpresence of. metal ions.in the

' "-electrolyte is necessary.
Because the electrolyte contains hydrofluoric acid precautions
must be‘taken to protect the lensesvof the optical microscope. The

 attachment of a sacrificial square of clear glass to the bottom of the

SOOIy TIPS S
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pod ef the microscope,vwith plastic tepe’sealing the jﬁncfion,'is,._
*ecemmended. The cuonmary Saren Wrap covering is unsatis*ac+ory since
it is dissolved by the sulfuric hydrofluorlc ac1d comblnatlon.‘ A flnal
comment would be to have pauience end perseverance.

II-F-3. Transmission Electron Microscopy Results

The electron micrographs shown in Fig. 19 (a); (b), and.(c) were
teken on a Siemens‘Elmiskep ib electron microscope operated eﬁ';OO Xv.

During the hand sanding of the discs described in sectioﬁ'iI-F-l -
a bevel on the &iscs of ebout 15° was uﬁavoidable. EOWeVer,vﬁhis-bevel
proved Lo be benef1c1al for obtalnlng different specimen ettitufes'to :
.,tilt about in the specimen holder. By taking advantage of the bevel on
the specimen, the eQuivalence of double tiiting was accomplished;'V'

The' electron micrographs and associated indexed selected area:Ve'
"dlffractlon vatterns of the alloys of this 1nvest1gatlon are shownwin
- Figs. 19 (a), (b), and (c). The substructure of Mo is the se@e:eSj?hat '
e'o; Ta, so Mo is not shown in the figure. The micrographs and diff?ae—;;
tion patterns shown are fepresenta%ive of - the alloys of this envestlga-‘
tion. There were no ancmalous diffraction effects or other 1na1cau10nsef
of crystallog*aphic structural defects obeerved durlng all the tlltlrg
"experimenus. In those alloys that flow plastically, discs Were cut from
regions near the flowed regions of the crystals in order to observe the
dislocation'arrangemenfs after slip. These‘results have aqvexelusive
‘character in that atiempts to explain the physicai behavior'ofetﬁis :
[? alloy system in tefms of: ’ | | “ |

a. :intermediafe phases
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b. ordering, long range, or short range ordered regions
>3002, e.g. if the dimension of the short range ordered
region is about three dislocation imége widths, i.e.
~ 3002, then the dislocations will appear in pairs. This
possibility was investigated and unobserved in all of
these alloys.

c. small scale interstitial precipitates with dimensions >6OR.
are no'longer feasible since neither direct nor indirec£ evidence for
their existence was observed.

In Figs. 19 (a), (b), and (c) the lines drawn on the micrographs
are the projection of the slip vectors a°/2 <111> for the given orienta-
tion of the micrograph. Ta, Ta-12 Mo, Ta-21 Mo and Mo-T Ta show
numerous dipole loops produced by dislocation interactions. The dis-
location debris appears to consist mainly of dipole loops and isolated
dislocation segments of strong screw character as indicated by comparison
to the projections of the slip vectors. The tendency for the disloca-
tions to lie in straight lines becomes prominant in Ta-21 Mo and Ta-30 Mo.
In fact all the dislocations in' Ta-30 Mo are straight and are nearly |
completely of screwvcharacter. This tendency suggests an increase in
the Peierls-Nabarro friction with alloying. The micrographs of those
crystals which flow plastically show that two or more slip systems are
operative sometime after initial flow. Further details will be
presented in the Discussion of Results.

II-G. X-Ray Diffracted Intensity Measurements

During the course of making the lattice parametef measurements it
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was observed that the intensity of the (200) line was anomalously large
compared to the (110) line in some alloys even after making allowance
for the crystal piane multiplicity factor. One possible cause of this
behavior would be in a deviation in composition from random solid
solution on certain crystallographic planes of tbe alloy. Such devia-
tions are plausible since the elastic compliances in and normal to

cubic crystal planes are anisotropic and the integrated intensity can

be affected since the scattering factor of Ta is about twice that of Mo.’

In order to investigate this possibility a series of definitive x-ray
diffraction intensity experiments were planned and executed.

II-G-1. Preparation of Spherical Single Crystals

A spherical single crystal is the most suitable geometric form
when quantitative measurements are to be made from two or more sets
of atog planes of the crystal.

The method used to obtain nearly spherical single crystals of the
alloys of this investigation is shown schematically in Fig. 207 A
sec£ion of single crystal, taken from the position adjacent to the
single crystal section used in the series of measurements already

. described, is'groovéd as shown in the figure on a 100 grit wh;el. In
order to prohibit this mechanicglly worked region from acting as a
source of new crystal nuclei, more than 0.020 in. was removed from the
surface by electropolishing. The crystal was then mounted in the lower
chuck of the electron beam zone refiner. The energy. of the electron

beam is gradually increased until the cylindrical region above the

groove melts. Surface tension forces require the melt to assume a



Preparation of Single Crystal Spheres

=0

@
Single
crystal

»

Grind groove Electropolish

Electron beam
emitter
Melt

e (Y e P
Cut Mechanical Electropolish
polish

MUB-4450

Fig, 20



| -55;

sphefiéai snapé;,nThebforce’of gravity diStdrts this sbhere slightiy_,
;. with the.finél resulninglform‘béing'an oblate épHeroid; "As is edsily
”realized this operétion reqnifés electron beam power regulation within
very narrow limits since the slighfegt excursion to excess beam power
will markedly decrease the surface tension gnd the molten sphere will
 : then flow down the crystal. The spheré.is held molten for about three
‘minutes and then the beam powef is gradually decreased until the'sPhere

n_.has'solidified.“ The beam power is slowly decreased to zero to assure

nu.that'the sphéré is in an.eqnilibrium state. The reduced section of the

' grooveiis, of ¢ourse, the single crystal which seeded the molten spnére}

" The sphere is cut from the singlé crystal stock with a thin (0.0L0 in.)
. 00 file. The "stump" on the sphefe is reducéd.by hand sanding and the
”damage incurred by this operation is removed by electropollshlng.

,‘_II G-2. Settlng the Crystal

It was desired to set the crystal such that the [OOl] is c01ncident

with the dlffractometer axis. In this setting the two sets of planes

- (100), (010) and the two sets (110), (110) and their conjugates can

diffract into the detector slit of the counter. In order to make &
qnantifative‘comﬁarisdn between the diffracted intensity of one seﬁ‘of
.planes with another, the pole [001] must be sétito within one half a

- degree to the-diffrnctometér'axis. .This réquiréé a complete analysis‘

and cofrectibn of all sources of»alignment errors.

The. details of setting the crystal wlll now be given. The crystal . -

- ,:1s placed into a cup machlned into a 0.100 in. nylon rod. The nylon

rod and crystal are mounted on a three circle goniometer. The'three

'.circle gonlometer is an integral part of a prec151on machlned single
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crystal rotation camera. In the x-ray laboratory the x-ray beams are

aligned to be centered with respecﬁ to the camera tracks and exactly

4,000 in. above thé track. The crystal and the three circle goniometer

which is inserted into the rotation camera base is mounted on.the

camera track. On the saméycamera track the alignment telescope is then
mounted and the center of the spherical single crystal is adjusted to
the 4.000 in. height after the goniometers have been set to their zero

readings. The rotation camera base with attached crystal and the

" goniometer is removed from thé camera track and then mounted on a
camera track that has been constructed to be centered and at ninety

" degrees to a horizontal camera track. The vertical camera track with

attached goniométer and crystal is then mounted on the same horizontal

camera track as the alignment telescope. The goniometer is then rotated

and the mdtion of the spherical crystal with respect to the telescope

crosshairs is observed. Since the intersection of the telescope

. crosshairs corresponds to the incident x-ray beam, this intersection

must remain on the spherical erystal upon rotation of the gonibmeter.'

- The crystal is now in a position to ‘intersect an aligned x-ray beam at

any setting of the goniometer.
- A1l of the procedure of the above paragraph is to no avail, if the
incident x-ray beam is not exactly aligned when.the Laue film frame, when

fiim andipinhole are in position for recording the back reflection x-ray

= photograph. The x-ray beam was aligned previpusly to the setting of

'every alloy spherical crystal of this investigation. A Laue film frame,

pinhole and film frame fixture were selecﬁed; from those available,

which were in exact alignment, as determined by'the telescope,_when

s st e




e»' plot

- 57-

assembled with a film and mounted on the camera track In order to

hY

‘align the x-ray beam e fluorescent screen which has inscribed Cross-
'halrs and mounts on the camera track is used. The x-ray beam is aligned

with this fluorescentvscreen when the Laue film frawe, film, pinhole and’

film‘frame fixture are in position to record the back reflection photo-

graph{~ The fluorescent screen fixture is removed and the vertical

camera track with attached goniometer and crystal are mounted in

position (three centimeters is the film to crystal distance) to record

"the back reflection'photograph. A sketch of the crysfal,in position to

~ record the Laue back‘reflection photograph 1s shown in Fig. 21.

A tungsten target operated at 50 KV. and 20 ma was used as a source

of polychromatic x-radiation. A ten minute exposure time was sufficient

to resolve many spots on the film..

'gIn ‘the case of the three crystals showing dissolution figures after

~.7electropolish1ng, namely Ta, Mo and Mo-7 Ta, a {OOl} pole could be set
-' visually to within a thlrty degree c1rcle whose center 1s the 1nc1dent
X-ray beam. For all other crystals the first Laue pattern had to be

 solved and plotted On,@ stereographic'net in order to determine the

angular position of the nearestv[OOl} pole. The shadow of the pinhole

- fixture on the film was the reference from which the angular position

of the zones were measured'with a Greninger chart for the stefeographic

R

Because the shadow of the pinhole flxture was used as & “eference

-.on the film 1t was necessary to verify that the plnhole is located at
i%‘the center of-the»plnhole flxture. A travellng microscope was.used to

~ measure the centricity of the pinhole with respect_to the pinhole fixture. .

ety ey ot e o o
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The diemeter of the pinhole (0;012 in.) was féund to include the center
of the pinhole fixture (diameter 0.565 in.). Therefore, the incident
x-ray beam is concentric with the shadow of the pinhole fixture and
could be used as a reference.

The stereographic solution of the first Laue photograph determined
where the neafest {001} pole was located with respect to the incident
beam. If the (001} pole was more than fifteeﬁ degrees from the coinci-
dence with the incident beam, the crystal was rotated in the cup of the
nylon rod to fulfill this requirement. The settings of the goniometer
are adjws ted to make the {001} diffraction pattern on the film concen-
tric with the shadow of the pinhole fixture as shown in Fig. 22 (a).
This requires the taking of about three more Laue patterns, since the
final adjustment of the goniometer requires interpolation between the
degree marks.

A {(00Ol} pole has now been made coincident with the incident x-ray
beam. However, there could exist undiscovered errors in the fixtures
and alignments. The maximum error is determined by rotating the
goniometer and attached crystal through 180 degrees and taking the Laue
pattern of the crystal in tiis position. The_sum of all errors will
then show as a deviation of the diffraction pattern from concentricity
with the shadow of the pinhole fixture on the film. Figure 22 (b) is
the same diffraction pattern as Fig. 22 (a), but the crystal has been
rotated by 180 degrees. A distance of one and a half millimeter on
the film in the region of the shadow of the pinhole fixture corresponds

to one degree. It can be seen that a {00l) pole is coincident within
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one-half of a degree to the incident x-ray beam and is thus centered
.and normal to the vertical camera track.

II-G-3. Crystal Alignment in the Diffractometer

The goniometer with the crystal set witﬁ an {001} pole vertical
is removed from the rotation camera base and inserted in the diffracto-
meter goniometer mount shown in Fig. 23. If the centerline of the
diffractometer goniometer mount is not coincident with the diffractometer
axis, then quite obviousl& the {001} pole of the set crystal deviates
by the same amount. Therefore; such errors must be detected and
corrected. The detecting of this deviation requireé the setting of the
cfystal in the exact diffracting position, since the latter.: is a delicate
operation the method of accomplishing this will now be given in detail.

The procedure for placing the crystal in the exact diffracting
position is as follows. The two theta angular position of the diffrac~
tion line of interest is obtained from the powder data for the given
alloy. If ﬁowder data is not available, the line can be found by
searching. The counter is set at this position and the largest detector
slit is inserted. The crystal is then rotated slowly by means of a
wheel which is an integral part of the diffractometer goniometer mount.
This wheel has a groove which accommodates an "0" ring, thus increasing
friction between the operétors finger and wheel. The crystal is rotated
until a rate meter deflection is observed. The beam current is decreased
and the angular position o% the counter is adjuéted for maximum rate
meter deflection. The crystal is then very slowly rotated qﬁe way and
then the other seeking the crystal position of maximum rate meter

deflection. Progressively smaller detection slits are inserted at each
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adjustment .of the angular position of the counter and crystal. This
is a procedure of successive approximations. Between two major
parameters, namely the angular position of the counter and anéular
position of the crystal with respect to the incident beam. An operator
acQuires skill at this procedure quite rapidly and can set the crystal
in exact diffracting position in about ten minutes.

- A gtudy was made to determine how Teproducibleéy the author could
set the crystal in diffraéting position. The maximum deviation in the
-peak intensity of copper K alpha one for the same éet of crystal plenes
was one percent in ten attempts. This was considered to be satisfactory.

If the [001] of the crystal is coincident with the diffractometer
axis, then the intensity measured for (200, (020), (200), and (020)
should be the same and similarly for (220), (220), (220), and (220).

The previous statement assumes that the crystal is free from low angle
boundaries or if these are present their attitudes are such fhat they
compensate. In the initial diffractometer goniometer mount constructed,
deviations in the diffracted intensities frém the above mentioned groups
of planes were in excess of fifty percent. This alignment error was
corrected in the second mount and meximum deviations of two percent

were measured.

The existence of small angle boundaries presented a problem in rare
instances. Wheﬁ this occurred, the following proceaure wés carried out.
A (200) and a (020) giving %he same (within 2%) intensity are found, i.e.,
sets of {100} 90 degrees from each other. The (220)‘intensity is measured
and if this value is within two percent of (220), then the intensity from

(220) and (200) were considered acceptable. If the above conditions are
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not fulfilled, then another {001} axis must be set on the crystal until
the above condition” can be fulfilled in the new setting.

TI-G-4. Diffractometer Parameter Settings

The folloving diffractometer parameters were used for the intensity
‘measurements of the (200) .and (220) lines:
Copper target operated at 34 KV and 9 ma,
3° beam slit in order to completely bathé the crystal with
x~-radiation, :
MR soller slit and 0.02° detector slit,
Nickel filter for X beta,
Counter scanning speed of 0.02° per 100 sec.,
proportional counter with pulse height selector in with 10 volt
window and 5 volt base line,
-scale equal to 10,000 /s,
- time constant equal to 0.5 sec.,
the intensity values were automatically printed by a digital
printer with 10 sec. intervals between prints, during this
interval the counter moved 0.002°.

II-G-5. X-Ray Diffracted Intensity Results

. The intensities of the (220) and (200) lines of the alloys of this
investigation Were‘integrated from peak two theta minus 0.06° to peak
two theta plus 0.06°. This angular range included about 80% of the
area under the intgpsity ;ersus two theta curve. The purpose of these
measurements was to compare the diffracted intensities of (200) and

(220) from the same crystal, therefore the ratio of the integrated

intensity of (200) to the. integrated intensity of (220) was computed.
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These ratios.: are given in Table IV and plotted versus alloy composition
in Fig. 24. Figure 24 (a) shows the (200) and (220) lines of Mo-4O Ta.
The line connecting the end points of a binary system corresponds to the
intensity ratios that would be observed in a random solid solution.

The figure ;ndicates that in the cleavage range of this élloy series
there are large deviations from an ideal random solid solution value of

(IEOO/I ). The interpretation of these results is given in section III.
220 : i :
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Table IV Ratio of Integrated X-Ray Diffracted Intensities

Alloy | (1200/1220)
.Mo ‘ 2.06
Mo-T Ta . l1.92
Mo-19 Ta, 2.63
: Mo-28 Ta 3.02.
Mo-40 Ta . 352
Ta~50 Mo L.h3
Ta-42 Mo 1.59
Ta-30 Mo 2.00
Ta-21 Mo 2,05
Ta-12 Mo ‘ ' 2.33

Ta 207
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| ITT. DISCUSSION OF RESULTS .
. ‘The inter?retation and significance of the X-ray difffacted intensity
results will be discussed first. Then these results will be correlated

‘with the 6bserved transport properties, mechanical properties, lattice

paraméters and electron microscope observations of the alloys investigated.

The reasons for the appearance of-cleavage in this alloy system will then

" be discussed.

III-A. Interpretation of X-Ray Diffracted Intensities

‘A type of demixing from éolid soiution distribution of atoms -which

' gxhibits a crystallographic habit is believed to exist in the Ta-Mo alloy

series. This demixing produces a deviation froﬁ the random.solid solution

' disiribution of.atoms on the (100} planes in some of the alloys and on

{110} in others.- To'gain a further»familiarity with the physical dis--

; position of étoms in the crystal,_ﬁhich has deviations on the {100},
conéider a region of‘a Ta-50 Mo alloy crystal where the deviation frbm
random solidisolution composition occurs on (100). As one samples the
distriﬁutioh of atoms on (lOO)_proceeding in the [100] direction, one

‘eﬂcountérs planés wﬁere the ratio of Ta atoms to Mo atoms is greater
-than one to one, say nine to one. In a random solid solution the ratio
:would.be one to one. Since-the overall composition of the alloy is |

1>Ta-5CLNb it is required,#hat as one proceeds in the [100] direction one

encounters (100) planes where the ratio of Ta to Mo is one to nine. Thus

" one finds (100) planes Which,are rich in Ta and neighboring (lOO)'planes‘l'

which are rich in Mowi A schematic illustration of these composition -
- deviations as one proceeds in the [100] direction is givén'in Fig. 25.

It is to"be noted that the deviations do not have to be periodic, nor
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" region "b" is a transition region between "a

.

the emplitude of the deviations be a constant. Purthermore no ordering,
e, g..identity distance is required. ‘The region "a" 1s. rich in tantalum,'

" and the molybdenum rich

.region e, Because a (lOO) plane is equivalent to a (010) or (001),
when deviations ex1st in a crystal they must generate quasi cubic domains
One domain will have compdsition‘dewiations on (100), the adjacent on (OLO)
and the third,adgacent domain on (OOL). When there are composition devia-
'i'tions on [llO] ‘then the crystal is diVided into six types of domains
corresponding to the six equivalent {llO} planes. " The type of demixing
:that is thought to occur inlthis alloy;system is to be distinguished from
" the classical "miscibility gap" reaction‘in that the deviations in distribu-
l-tion of atoms have-a cr&stallographic habit which is not considered in o
those systems showing the classical miscibility gap
Because a tantalum atom is about twice as effective in scattering

x-rays as molybdenum, regions rich in Ta and rich in Mo Will interact
dwith r-radiation‘to different. degrees.‘ The crystallographic,habit of

- these deviations in atomic distribution is exnected to Influence the

| integrated diffracted intensity of the (éOO) and (220) lines. The follow-
-ing paragraphs are devoted to an analysis of the-influence of composition

: dev1ations on {lOO} and {llO} on the integrated diffracted intensity of
~ the (200) and (220) lines. -
, When the smallest dimension of a region.rich-in.Ta or Mo isiabout a
'7z;thousandﬁunit;cells it becomes necessary to consider these’regions as’

c:having discrete'scattering character for x-rays. This requires the |

,twriting of a structure factor for a Ta rich ‘Mo rich and one to one solid

'rﬁsolution-region. The expresslon for the structure factor, F, is:

sy e e

U
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: omi (hy, + kv; + 4 )‘
FeZagh g I

" where fjvis‘the scattering factor for the Jth atom at the coordinates

M, Vv, and ® with respect to the origin of the unit cell. h, 'k and £ are
the Miller indices for a plane in the cfystalvstrucfure.‘ The x-ray
' 2 2
diffracted intensity 1$ proportional to [F!v, therefore IF] is computed

for twq cases of interest here.
Consider a Ta-50 Mo alloy crystal with the Ta atoms at the origin of

‘the urit cell, i.e. u =0, v =0, ® = 0, and the Mo atoms at the body "

2 , and W = %.V‘The powder patterns all

centered position, n =35, v. =

PO

_vindexed as being'bcc,'thefefore.the crystal structure of the alloy series

 'is bece. When Te is always at.the origin of the unit cell and Mo at the
'body centered position, the crystal is cbmpletely ordered. - The structure

- factor is:

o 2111.(0) 2ni(§+1§-+-£)
o B, = fn 4 + £, 4 :
. "hkf - "Ta _ Mo ‘
'f  P = fA .1 zﬂi(h+k+z)
“hk!t Ta Mo .
:;When (H+kf£)vi$ an even integer
B N A
- 2. 2 2.
l?hkﬁl' —,(fTa * fMo) - fTa f;sza Mo ™ o
.Now Whéh'(hfk+z) is an odd ihpegér; Fhkszécomes't

B T 7 B

and



o 2 - 2
thkzl ra ™ f1a Mo * o

The gbove case where Ta, and Mo have fixed positions in the crystal shows
that diffraction 1ntensity is allowed for all values of h, k and 4.
Now consider the case of a Ta-50 Mo alloy crystal which is a random

- solid solution. In this case neither the Ta ror the Mo atoms occupy

Tixed positlons in the crystal. Either Ta or Mo atoms can be at the

' pesition p =0, v=0, ®=0or p.=3, v =3, &< 3, for any one of the

IRyl

" ‘ten thousand or more cells sampled by x-rays. One can allow for this
vindeterminacy of position of Ta and Mo atoms by considering that the atom
. at both these positions has an effective scattering factor given by

'fx‘= (xA fTa * (l-xA?fMo)

fwhere X is the atom fraction of Ta 1n the alloy or in a reglon of suffi-

cient dlmens1on which is rich 1n Ta or Mo. For a‘random solid’ solution

the value of the structure factor is _

R ' h kﬂ
e emw) 2m@+§¢2)

Fth = fxﬂ + fxﬂ

f + f zﬂi(h+k+£)

i

. When (h+k+2) is an  odd 1nteger F

ics = f ~f =0. 'Whenv(h+k+2) is

..an even integer, ‘

Fhkﬂ = 2fx _vand

.
)

= Hf . Hence, for any random solid solution of Ta-Mo. alloys the

: 2
value of [F Zl is hf and the selection Tules for indlces are (n+k+£)

o equal to an even 1nteger. However, when the smallest dimension of a Ta

.»rlch or Mo rlch region 1s sbout a thousand lattice constants, the structure

k.
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| factor must be written for that particular regibn andvthe value of gAlfor
':that region must be.used‘in the.expression for fhé effective atom scattering
factor. . - |
The iﬁtegrgtéd aiffracted“intensity of a néarly perfect crystal is
éreatly influeﬁced by'what is termed primary extinction. Primery extinc~
“tion resﬁlts ffbm phase sﬁifts in the'x—ray'beam‘produced'by_scattering _ _:
from the‘étoms of‘the‘crystal. Each scatteriﬁg,event produqes a phase . v ;
shift.ova/E, thus two such events shifﬁ.the wave by Il and produce des~-
‘.:vtrugtivesinterference.of the X-ray beam. A detailed analysi59 of this
.ﬂjeffect'shows that the integrated intensity, I, diffracted from a‘crystai.j'
‘as & function of fhe nunber of flanes, P, from the surface of #he gr&sta}

-_ié given by:

e

T =71 tanhggg)
. o] pq
fwhere I is the inc1dent X-ray intens1ty, q is thé»amplitude diffracted

o :from a single plane of atoms when & plane wave of'unit-émplitude is~ ,

‘f,lnc1dent upon it. ,The value of q is given by:

lg] =N a kllF |</ ‘> cosec o, Lkl - ‘ C B
':giwhere;j‘:i)’vN is the nuMber of unit. cells with structure factor lFﬂké1
‘h,per unit volume of,crystal, |

. a is the spacing between plénes, ” 

"7 M is the x-ray wave length,

‘3.'£‘is‘thq electron charge, -"f R ."1:"‘”v - EEA .

, L;m‘is the'électron mass,
c.is the ‘velocity of llght ':-z‘?t“ o ‘ *", : C .

;flghkﬁ is the dlffractlon angle.-;'
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" From the expression for qu it is seen that Idlldepends on the indices of

the diffrdctlon line‘through‘the values cf thkﬂl and ehkﬂ'

' When measuring diffracted intensities of crystals composed of atoms
of relatively large‘atomic number uéing‘copper K alphax-ray wavelengths
the effect of radiation absorption must be considered. The expression

for.the‘valueiof the intensity after passing through, x, distance of

material with linear absorption. factor, K, is given by:

A; = IO exp‘- HX.

' bThe;geometrydof incident and diffractéd X-ray beam givesda value ofi

= ad_cot thz .

where d is thc;depth taken normai to the crystal surfacé,' The value of

p for a solid solution of Ta and Mo atoms iS'given by:

Ry bp (L) b
Upbn coMbination of the above expreésions, I is given by:_"'

I =_Io exp - fd

‘where B = (rA M +'(1*rA)cM )2 cot @, 4 One notes that the attenuatiod
factor is a function of the atom fraction of Ta and ‘Mo as: well as the

J:.indlces of the diffraction line.

The effect of primary extlnction and absorption will 1imit the depth

lto which atoms in the crystal can contribute to the dlffracted.intens1ty.f
A knowledge of this extlnction depth is essential to the 1nterpretation
ijof the x-ray diffracted inten51ty ratios of the.Tano alloy series.
"‘The values'I/Io as d function of distancé_frcm the crystal surface re-

~ sulting from primary extinction and absorption for three,alloy'compositioné
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are shown in Figs. 26 and 27 The composition Mo-lOTa represents a Mo
rich region in a Ta—SO Mo alloy, Ta-lO Mo in a Ta rich region and Ta~50 Mo
represents the golid solution. The extinction distances selected from the
curves were based on the presumption that atoms at a distance below the
"crystal surface such that the value of I/Io is'less than l/ﬁ contribute a
negligible,amounﬁ'to the diffracted intensity. The curves give.the

: following extinction distances:

o

_ Ta-10 Mo about 2400 A
(200) 1ine Ta-50 Mo about 3100 A

o
Mo-10 Ta about 4200 A

o

Ta-10 Mo about L4200 A
[+]

(220) 1ine Ta-50 Mo about 5600 A

Mo-10 Ta sbout T200 A

An expression for the total 1ntegrated.diffracted intensity of an (hkz)

'f ;llne has been derived in’Ref. 9. The total integrated 1nten51ty is:

re N21F|2 23 <j :> 1+cos2onks
. 2 sin 26hks
~ Note that Ix varies as [F] which in turn varies with the alloy composition,

also I depends on the indices of the line throngh e + The valueg used

hk£

to compute I and those used for determaning the curves -in Figs. 26 and 27

','f3areventered in Table”V-

The purpose of the foregoing development is to examine in detail
the integrated intensity ratio (1200/1220) measured on a complete

' random ‘solid solution crystal and on a crystal with compositlon devliations
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_ TABLE V. ValueS' of Parameters for X~-Ray Intensity Analysis
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8.94 X 10
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= 1.54 X 10°

= =2,70X10
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with a ratio < 200) The calculated extinction distances given by the
220

'curves in Figs. 26 and_27¢fix‘the depth of crystal Vhich contributes to
'.‘the diffracted,intensity., The.calcﬁlated yaluee of I are necessary for
the evaluation of tne diffracted intensity contributed by a Ta rich, Mo
| Jrich and solid solution region...-The values of [ hkzl have_already been.
shown to be-directly releted to the.alioy composition,in a'given region
of conposition deviation; The disposition of the Aomains of composition
jdeviation with respect to the incident and diffracted beams must now be-
examined in detail since the panh of the beams can lie entirely in a Ta‘
rich or Mo rich region: or it may‘travel alternately through’one region
‘and then the other. The(contribution of-I to the totai intensity will
' thus depend on the disposition.of .the domains with respect to incident
-and‘diffracted.bean.ﬁaths, There are four cases to consider, nameiy:
composition:deviations on {100} as seen by incident and diffracted beams

;at.the diffracting angle © ,.deviations on {100} as seen by the incident

200
~and diffracting beams at'angle 9220, composition deviations on {110} as
seen by incident and‘aiffracted beams at angle 6200, and deviations on
- {110] as seen by incident and -diffracted beams at angle O,,,. The above

__'four cases drefillustrated by Figs. 28 through.3l; Fach case is discussed

:in tne following paragraphs. . - | |

Case~ia .Figure 28(a) isga view along [100] of tne three domains

_generated by composition deviations on (100]. vA'perspective showing the

‘ ""~.fspatial disposition of the Ta rich and.Mo rich regions for .each of the
- - three domains 1s shown in Fig. 28(b) The smallest dimensmon of a Ta

. rich or Mo rich region is taken as about 2500 A. The other two dimensions

“could_be several microns. Consider the . (OOl) domain as seen by incident .

and diffracted_beamsQ - In ‘this case the entire path of the rays- of the

[P,
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:'fv incident'cnd d£ffiacted beamsrlie éither‘in:Ta'richAor Mo rich regions,

.;1if‘one}ncglects the small f?action at the edge of the domain. Thus,

| '(o.soo)(o.333) of unit area will s1seract according 0 the value of Ip|?
and the extinction length for the Ta.rich and the same fraction for the

Mo rich region of the (00L) domain. Now consider the (OlO) domain. Due

"71,Acto the geometric disposition of this domain with respect to incident and

diffracted beams, the path of. the rays. traverse both Ta rich and Mo rich’

”-*yf regions.  Thus, (0.333) of unit area should diffract about Like a Ta~50 Mo

SOlid“Soluticn. Ndw consider the (100) domain. Oﬁe half of fhese.domains

e will have a Ta rich region exposed at the surface, the other half will be

. Mo rich. The extinction distance for the (200) line in a Ta rich region B

- (see Fig. 26) is such as to screen the Mo rich region below it from

' x-radiation. Thus (O.SOO)(O 333) of unit area diffracts according to
’;the'values for‘a Ta rich region. The extinction distance for the (200)
line in a Mo rich region allows the Ta rich region below it to contribute

to the diffracted intensity, i.e. I/IO is about 0.80 at a depth of about

- o I
' 2500 A of Mo rich region as shown by Fig. 26. Thus, the (100) domain

contributes an extra increment of (0.80)(o0. SOO)(O 333) to the total inten-.

3'sity. The fraction of contribution to the total intensity of each domain
of the four casés under.con31deration are’summarized in Table VI. »

Case 2: Figure 29(a) is a.view along [110) of composition deviations

"on {100}. TFigure 29(b) is a perspective view showing the spatial distribution

of the Ta rich and Mo rich regions. Note how the (0OL) domain is cut by

a. (llO) planar section. This effect markedly reduces the fraction of

mtcmaterial in which the incident and diffracted rays can travel entirely
" through a Ta rich,or Mo rich region. ‘Thus- for the (o01) domain only -

- about (0.25)(0.333). diffracts as & Ta rich-regicnuand.the seme fraction
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for a Mo rich region. The-(lOO) and (010) domeins are disposed so as to
require the peths of incident and diffracted rays to lie alternately in
Ta rich and Mo rich regiOns.. Thus, the (100) and (OlO) domains diffracte
; the (200) line about-like a Ta~50 Mo solid solution.

Case 3. Figure 30(a).is a view along [100] of composition deviations
on {110}. . Six domains are éenerated.byjtﬁis ﬁype of deviation since there:'

 are six equivalent (110} planes...Figure 30(b) is a perspective view

L 'showing the spatiai distribution of the Ta rich and Mo rich regions as

seen by the .incident and diffracted.beams for the angle 9200. As can be
seen from the figure, the rays of. the incident and diffracted beams are
required to travel through alternate Ta rich and Mo rich regions in all
six domains. Thus the contribution to the total inten51ty for the (200)

; line in this case will closely approximate to that of a Ta-50 Mo solld
‘;_solution.. )

| Case k4. Figure 31(a).is a view along [110] of composition dev1ations.
1]on (110] Figure 3l(b) is a perspective view of the Ta rich and Mo rich
regions as seen by incident and diffracted beams at angle 9 0 All the
domains except (110) will contribute to the ‘total intensity of the (220)
line sbout like a Ta-50 Mo solid solution. Consider the (110) domain,
where (o. 500)(0.167) will be Ta rich region exposed at the surface and
the same fraction of unit area will be Mo rich. Due to the extinction

'_b_disﬁance'of the”(220) line in a Ta rich reglon, the value of I/IO is

' " about 0.55 after traveling through this region as shown by Fig. 27.

_ Therefore,‘the_Mb rich regioh.below‘will contribute about3(o.55)(o.5oo)

- (0.167) to the total intensity of (220) when a Ta rich region is exposed

. in s (llO)vdomain; .When a Mo rich region is. exposed at the surface, the

value of I/Io is dbout 0.80 éftertﬁraveling through‘this region. Therefore,

e s i s T ——



— e TRV

P, B - n— < s, o .4...4.-.;.,:_-‘.»“,‘ - e A s ook s s

-87-

” TABLE VI. Domain Fractions Contributing to the Integrated
. , - Intensity of the (200) and (220) Lines
: 3 f'  '{ _:  o - , Composi£ion Deviations oﬁ {100} o
Domain - .Ta-10 Mo Mo-10 T& -~ . Ta-50 Mo
0 (100) ¢ .(0.500)(0:333)+  (0.500)(0-333)
L o | (0.80)(0.500)(0.333)
“(ec0) - (or0) . ©0.333
- . line -, . - — ' - —
. - (oor) - 7(0:500)(0.333) . . (0.500)(0.333)
. e o | 0-333
o (ee0) . (ow0) . P 0.333
©~ line ' .. — . ' : v - . ' :
| (oor) " . (0i25)(0.333) (0.25)(0.333)  (0.50)(0.333)
| Cémpositiop Deviations on {110}
o (o) | 0.167
o B LD 0.167
', ..(200) ’ E (170)" . ’ - 0.167
Hne (o) 0.167 .
o (110), 0.167
(101) 0.167
- (o) . 0.167
. (101) 0.167
o (110) . - 0.167
o (om) 0.167
. @0) - (0.500)(0.267)+ . (0.500)(0.167)+
S (0.800)(0.500)¢ 2.7 (0. 550)(0.500) «
| a[;;' :i(o;167),":. f”'f; '(0-l67) _ :
. e o -~ 0.167

RIS
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the Ta richlregien below will contribute (0.80)(0.50)(0.167) to the in-
tensity of the (220) line.
_ The development is now sufficient to make a calculation of the
. intensity ratio (1200/1220) expected from a Ta-50 Mo random SOlld solution .
.and compare 1t to the wvalue calculated;for a Ta-50 Mo alloy which contains :
'd .compositioh deViations.és discussed previously.v For a Ta-50 Mo solid solu-
A.tion the value of (I200/1220) is juet‘I3 divided ble6 of Table V. The

result is (I equal to 2.16 which is quite close to the measured

) L0/ 2200
-jvalue of 2.04. 'To calcuiate the intensity ratio for a crystal with compo-
..jlsition deviations on (100}, one just multiplies the contribution from each
ﬁd:domain ffom Tabie'Vi.by the valdes of I,in Tabie V and takes the sum for
:iieI2OO and i220' 'Performing the arithmetic one obteins for composition devia-
‘tions on.{100]} fhe value 2.78 fer;(I

200/1220)’
?V,for composition deviations on {110} is 1.91. These values correlate with
- the dbserved 1nten51ty ratios of the Ta- Mo alloy series w1th regard to
: the direction of‘the change from the random solid solution value of
(i200/12é0)o' However, the observed magnitude -of the change for deviations
on {100} is somewhat larger than the calculated value. - A p0551ble reason
for this discrepancy is the'neglect of fhe scattefing behav1or of the
. transition region betﬁeen Ts rich and Mo rich regions.- It is likely that_A
~ the transition region hes a large Biattenuation factor for rays traveling
parailel ?o iﬁs_long dimension. The imposition'of e large B for this re—u
'gion'would.have maxihdm;effect on the. (220) line for composition devia- -
tions as (100) since_ this bean travels nearly parallel‘to<£he transition
. regions. <Sinee the analysis performed in this discuesion predicts the

'vdlrection of the change in the ratlo (I ), it is suggested that

200/ 220

'composition deviations on {lOO] and on {110} do occur for the comp051t10n

The value similarly obtained

fr
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" ranges of the Ta-Mo alloy series as shown in Fig. 24 However, a more

i'rlgorous analysis of dlﬁfracted intensity from the proposed dlstrlbutlon
of_atqms in the crystal 1s required~to prove the postulated crystal
structure of the Ta-Mq alloys which exhibit values of (IEOO/IQQO)V
different from the talues’measured.for.Ta and Mo. (see page 89(a)).

“The:correctness of the interpretation of the intensity data can be
substantiated at least for the low'alloy composition from a consideration
" of the elastic‘compliances of Mo and Ta crystals. 'The essence of the
»a?gument is that.in a binary solid solution of constituents which differ
| in atomic size there will be a tendency fdf atoms of a given size to

. distribute themselves_within the crystal in a manner which maintains the

- strain energy of the crystal at & minimum. In the cubic system the elastic.

éoefficients'are anisetropic and.therefore the compliances (and their
;iinverses, the stiffnesses) vary from one crystallographic plane.ahd
ldirectibn to another. |

Becauee the elastic compliances andvthe eiastic stiffnesses of s
crystal are foﬁfth rank‘tensors,_no single surface can fepresent.completely
the elastic behavior of a crystal.lo However,‘a surface that is useful

e,isnohe that shows the ‘variation of Xoung's Modulus or the rigidity modulus

with direction in the crystal. The variation of the reciprocal of Young's .

Modulus, (%), in the direction of the unit‘veéter,ﬂi in the cubic system

_1s given:bys _ , _
., - R o | | 2 2 0
".511"2(811'312 2 Lm)(ﬂ .e o z z3 £7)

Bl

. -

vtwhere S., 8 and'Suh’are‘the elastic'COmpliances. As an example,. if f

ll’ 12
”'the value of (—) in the [110] 4s desired the . components of ﬂ are

PN
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.. correlate with the traces of the (100]} planes in this foil orientation. A

hv,-QOOO A. This dbservationn is taken as further evidence for the correctneés
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CIf theISmalieéﬁ_dimensioﬁ df ihe‘éomfoéitioh dgviatidn, i.e. the thick-
f  ness, is abbut 2000 K,;then the bfight field image:of an électrbn;micro-'
ﬁ_‘graph in suit&ble»orientation should ekhibit a quasinanded appearance.
This would be a direct result of the differénce in linearzaﬁsorption::
betweeﬁ a Ta rich é;& Mo rich region. Such dark bands which are believed
to correspond‘to Ta rich regions'are seen in the ailoy Ta-12 Mo of Fig.
19(a)s An analysis of a standard (311). stereographic projectién shows that A. ’ !
theée dark bén&s cor?elateuwith the traces of £he (100} plenes. The (001) |
'and-ﬁhe~(010).make anéles with the surfaqe of about 73° and the (100)
- makes‘ah’angle of'about.26f. Tﬁefefore, the projected width of the Ta
rich :égion cérrééponding_td (100) will be larger than the other two. This .

‘4fis shown by the figure. The angles between the traces of these bands also "

. measured estimate of the width of the region (001) and (010) which pro- - '

C T ject thé_least_difference from the true width gives a value of about

- of the proposed distributidn'of~atoms in alloys of. the Ta-Mo series.




'l‘ and Shh for Mo12 and Ta
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An expre551on for the rec1procal of the rigidity modulus in-the cubic
1 S
system is given by:l

1_,
= =8, +u(s

5 + £2£ + Z )

1-510" 2 uu)("’ 3°
'h where Sll’ lé’.shh and G have the. same meanlng as glven above. The
values of (—)‘and (—) in some crystallographic directions of interest
'_were computed using the experimentally determined compllances sll’ 12~
13 and are .shown in Table VII.
From & comparison of'values.in,the table it'is seen that a Ta crystal
his most compliant,‘i.e.-less stiff, in and normal to (lOO}.l Therefore,.
" one would expect deviations from random solid solution composition on
:vv{lOO) in the ,alloy Ta-l2:MovsincecTa atoms are slightly larger than Mo -
\fatoms. The observed positive deviation of (1200/1220) from the random.‘

solid solutlon value is con51stent with this argument Furthermore, it

v"lis seen from Table VII that a Mo crystal is most compllant in and normal

‘to {110}, thusﬂin the alloy Mo-T Ta deviationS‘from random-solid solution
‘f_composition would be expected on {110). The - observed negative deviation
of (IEOO/IQQO)‘from the random solid solution value fulfills this expec-

tation. ‘Hence, the'interpretation of the X-ray diffracted'intensity,re-

- sults is considerea_to be correct. Any-conclusion based.on an extrapola- -

1'tion of the values given in Table VII to higher alloy compositions is

» con51dered to be invalid because the 1ntens1ty, resistivity and mechanlcal :

- property data strongly suggest that the elastic coeffic1ents do not vary
’-1das a simple linear functlon of the alloy compos1tion
The region between the alloy compositions of Ta-50 Mo and Ta-hk2 Mo

in Fig. 2L is of~particular-interest. . In this region the elastic
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'TABLE VII
Eléstic 'complianceé under tension paralléi to and R . ﬁ
torsion sgbout some crystallographic directions in o,
" Ta and Mo crystals in units of (centlmeters) /(dyne)
» multiplied by lO13

E7 (%‘:-) tension 1in [h k 2], o (%) torsion sbout [h k £]°

1001 © . T8 6.78. - 1200

Mo . 2.8 o oa
‘flﬁthstlloJﬁfi,.r~,Ta L sa6  a 8.3
i ”x;ﬁE:Mé~'. ‘_ o 5 ﬂi | O 1oa
W) .om o wer . 163
o ﬁfﬁ. Mo;.:;;A;: : f-2.3?:;,: ;. {,f~5f ' ~lO'u"

el e 56 . 8.73

Mo 33 e 10.2 ' o -
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_coeffiéientslwouid'be eXpeéted to be changing rapidly with alloy composi-
tion. In this regién thelalloy cfystal changes from a condition of maxi-’
mum composition deviatién on {100} to =a maximum compositioh deViation on

{110} with réspect to a:iandom éolid.solution. »If the values at Ta-50 Mo

and Ta-U2 Mo are extremum values, then the composition deviation on {100}

is shown by the dashed line in the figure. Following this line of thought ..

one would predict that the alloy Ta-ih Mo would plot on the random solid

. solution line. -This alloy would then be expected to flow and have the

maximum griticél resolved shear stress for slip of this alloy series. On
the other hand, if the values for Ta-50 Mo and Ta-42 Mo are not the ex-

tremum values, then the observed curve will continue to'diverge from the

random solid solution line with the result that the line connecting the ;

-extremun vélués appréaches the vertical, i.e., somé alloy in the range
'f,betweén Ta~50 Mo and,Ta-hE Mo corresponds to an inflection point on the
_graph. Following this latter line of théught leads to an interesting con-

-sequence in that.the composition at the inflection point could correspond

to an alloy crystal which is energetically unstable, because the complianées'f

do not satisfy the restr:ic‘t:ions;:")+

>. > . S
0, 8y, ,]Sl2|-’ 8)) +28,>0

Sy 2

~which is imposed by the fact that the strain energy of a crystal, .

o e ,
.V,W =3 Cij eiej.b

must be pgsitiVe, i.é._gréater than zero for all real values of eij.

. unless all eiJ are zero. In the strain eneréy expression, Cij are the

stiffness coefficients and €, ;

- of the elastic'coefficients of this alloy-systemlwduld distingﬁish between

at,
ighd

are thg strains.-'A systematic determination ‘,

Jrrmnre e, 1



:, the two above.possibilities; Because the purpose of this 1nvest1gat10n

T.is to determine the reason for the appearance of cleavage 1n this alloy 1

system, the remainder of the discussion will be confined to that topic.

. III-B .Interpretation and Analysis ‘of Mechanical Properties

The observedwvalueslof the'critical-resolved'shear stress:for slip
Con {llb} <1ll§ and for~cleavage on_(lbo} as a function of alloy composi--:
*U tion'are éiven in Fig. 1k, Tt is_apparent from the figure_that those

Acrystals having compositions in.the,rangerfrom‘Mo-l9 Ta to Mo-58 Ta fail

- by the~mode of cleavage. The‘crystals having compositions in the range

. Mo to Mo-7 Ta and Ta to Ta-30 Mo deform by plastic flow.. For those alloys

- which flow plaétically, the tensile tests were_continued until there was
" visual evidence of striction i.e. necking of the crystal. All those

'; crystals which flowed plastically necked with the sole.exception‘of’-

'ﬁi‘Mo-7 Ta.. This'crYStal showed nearly uniform reduction in-diameter along - -

. the entire gage length with a nearly uniform distribution of slip lines

“as indicated by 30x magnlfication. ~As was mentioned previously in the

. Procedure and‘Results no correlationncould be obtained between the resolved.

.- normal stress on the cleavage plane'as a function of alloy composition,

e, -g- changes in normal stress of 60 Kg/mm 1n nlne atomic per cent incre-

».;:ment. are con51dered.to be unrealistic. The resolved.shear stress on the'

'obServed‘cleavage plane at failure are the.values‘plotted in Fig. lh. It

5};3is seen from the figure that the minimum Observed cleavage shear stress

. ﬂoccurs for: Mo-28 Ta and the maximum observed cleavage shear stress occurs

. ;eﬁ.for Mo~ l9 Ta and Mo-58 Ta whose values are about the same. Because of

) R the appearance of slip lines on those crystals that cleave some plastic

flow also oceurs 1n these alloys.b,

oo+ ow s 7o
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_ The probable mechanism responsible for the'strengthening‘as the
. alloy composition increases for the'crystals which fail by plastic flow

15

'wili be discuesed first. The proposed nodels of .solid solution
strengthening prediot a linear‘relationship between the critlcal resolved
shear stress for slip and the concentration of solute atoms. In order to

~determine if there was a functional dependence of the critical resolved

'eshear stress for slip and solute atom.concentfation in this alloy system

the 1n 1 was plotted.against ln c. Where 7 is the critical resolved shear

stress and c the atomic fraotion of Mo. The plot was made for Talbase

alloys from Zero to 30 atomic percent Mo. A.simple functional dependence

of T upon c over ‘this range of composmtlon was not observed, even when the

'point at Ta-12 Mo was omitted on the basis that this alloy shows deviations

-from random,solid-solution‘composition on {100}. It was therefore concluded>

that the models proposed for solid solutlon strengthenlng are not applica-
e ble to this alloy system. |
The”mechanisms involved in the strengthening of those alloy crystals
“which,flow plasticaliy and the transition to‘a:oieavege mode of failure
-~at hlgh alloy compositlons is the result- of a compllcated 1nteractlon and
1nterdependence between the following:
a) . The_Peierls-Nabarro»friction‘of dislocations; andb
‘its'variafioniwith alloyrcomposition . |
b)' Deviatlons from random solid solutlon compos1tlon on {100}
iﬁ‘in some alloys and on (llO} in others |
:i:ic)}:ChangeS»in the elastic coefflc;ents upon.alloying 1
ﬁfidifiChanges in the elastic coeffieients within regionsyof
e;the crystal as 2 result of - (b)
' e); Violatlons of the strain energy restriotions upon tne elastic

. coefficients due to (b), (c) and (&) ebove.

i
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The Peierls-Nabarro friction of dislocations appéars to be a physical
' phenomena to which is attributed.much mechanical behavior but detailed

"knowledge about it is meager. The reason that P~N friction is not well

understood is that a detailed knowledge of the directionality and magnitude

"of interatomic forces within the core of a dislocation is lacking. Al-
though very little detailed knowledge of the P-N.friction is available
the derivation of the force necessary to moveva diSlocation,.derived_from'

assumptions inherent in the use of .an elastic continuum, is considered to

be qualitatively correct. The expression that is given for the shear stress

. . i . ’ : "
necessary to move a dislocation on crystal planes spaced a distance ‘a

. apart and "b" distance between atoms in the plane is,

2y
&Y — -
o > =cexp |

(Eﬂa)]

- where p is the shear.modulus and K assumes the value 1 for the screw
‘-ﬂdislocations aﬁd i - Poisson's ratio for an'edge. The essential'featu;egj
of this expression is fhat the sheai stressvis exponentially dependent
fobuﬁon the atomic cqnfiguration at the core of the disiocation. In crystals.
‘where the magnitﬁde‘and direcﬁionality of the'interatbmic forceshare large
the distortion produced'by thevcore of the dislocation would be expected
-to'be restricted to a narrow.region and thus the shear stress required

to move the.dislbcation would increase eprnentially. Fufthermore; such |
conditions would tend to make the dislocatlons in a crystal lie in

stralght llnes which correspond to reglons in the crystal of minimum core.
.: energy, The progressive tendency for dislocations to lie along stralght
f?lines is shown_by the electron_mlcrographs Qf Flg. 19 as the Mo content
'.of Ta, bqse alloys,increases from'zerq ts‘3o-a£omic percent. Such obserfb-

vations strongly suggest that the P-N friction is increasing as the alloy

vt o e s i e ey T e 8 .
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content increases. Therefore, the observed increase in critical resolved
sheaf stress fer slip is tﬁe result of a marked increase inlﬁhe P;N friction
of disloeations.’ | |

Deviations.en (100} and {110} from random solid solution composition
" as well as changes'in the elastic coefficienﬁs which are directly related
to the magnitude and directionality of the interatomic forces will produce
.»changes in the P-N friction. Changes in the elastic coefficients will
~result from both composition dev1atlons and simple alloylng 2,17,18 The
:changes in the elastlc coeff1c1ents whieh will have the greatest effect

. on the P-N frlctlon are those changes. in Shh’ li and S12 which produce the

!VIgreatest dev1at10n in the isotropic condltlon for the compllances
' : -C

T';Shh - 2(s 11T 12) or as written for the stiffnesses Cpy = —;&5—;2 . It was
.. shown prev1ously in the 1nterpretat10n of .the 1nten51ty data that the ob~
.vserved composition deviations for the.lowest alloy composition crystals
were directly related to the elastlc coeff1c1ents of Ta and Mo. From an’
1ntuit1ve physical argument, compos1t10n dev1at10ns on [lOO} and (110}
are 1nterdependen$ with the élastic coefflclents, e.g. from Fig. 24 the
Ta {100} are the mostvcomplient thus the alloy crystal Te-12 Mo exhibite '
'.azcomposition deviation such that there are Ta rich and Mo rich regions
-on (lOO] which wduld not exist in a random solid selution Because of -
'e this, the compllance in and normal to {lOO] in Ta 12 Mo w1ll change In
.order to verlfy the ab0ve concepts, the elastlc coefficients as a function

- of alloy comp031tlon are required. . These have‘not been determined at the

'.present.

Y T - . e 19

- The models #hat-have been proposed for the mechanisms of cleavage
a_invokeuthe_étress normal to the cleavage plane as being the determining .

" parameter. - The normal stress shows no obvious significahce in the
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'.cleavage of the alloys of this 1nvestigation.. However, as can be seen
from Fig. 14 there is an 1ncrease in the shear stress on the cleavage
?plane as the alloy composition increases or decreases from Mo-28 Ta. One
| can reason that the.minimum-cleavage shear stress will occur‘when the

elastic shear stfain_energy is at a makimum at some region in the crystal-

" Ina Ta-Mo alloy crystal one would expect the maximum shear strain energy

- ;_to be attained in regions which possess the largest internal strain energy.

‘When there exists deviations from random solid solution composition on
{100} the maximum:shear strain energy will be attained in the Ta rich,.

" Mo rich or transition-regions which lie pafallel'to the cleavage plane. -

In the Ta-42 Mo crystal which exhibits deViations on [llO} the intersection.

of (llO) and 110) domains generate a transition region which lies parallel
.'to the-(OlO) plane. This is a likely region where changes in Cij are
3'occurring. .> | ' |
| ?ecause:slip lines are observed on those cfystals that cleave and
that the cleavage appears to be'cependent on shear stress, the detailed
.”._mechanism of cleavage in shis alloy system must include the.influence of
' dislocations.’ The fact that the ﬁresence of dislocations in a cfystal
::vcan change the magnitude of the elastic coefficients ipvlocal regions
',Of the crystal has been recognized and discussed. 20 The proposed
mechanism for cleavage in the Ta—Mo alloy system is as follows In the
- range.of alloy compositions which»exhibits cleavage the values of the
lelastic compliances areISuch that the restriction imposed on thevcomplie
}vances by a positive strain energy of a crystal are only marginally ful-

.

‘"._filled.b Recalling that these restrictions are: '}

) ,'Suu >0

N .

B T T up—.

.,,._,_-.,-,,T.,.__.,....,,
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c) S11 7 % 7O
' -13_ 2, .
A substltution of the values for pure Ta, f.e. S; = 6.78X10"em”/a, |
312 = -2. M7X1O cm /d and Shh = 11.93X1OA13 cm /d, show that an increase

in Islgl'of 0;92 is sufficient.to violate restrietien (¢c). The same

‘ analysis using values fer Mo show that an .increase in the lSlgl of only

- 0.62 is sufficient to V1olate restriction (c). Thefefore, it is probable
that under the 1nfluence of alloylng and the associated comp051t10n devig-

ltions the restrictions on the compliances, which are the same as on the
stiffnesses, are jusf marginally satisfied in those alloys which cleave.
The role of dislocations in this mechanism is to alter the elastic compli-
 ances to valuesvwhich no longer satisfy the above restrictions invregions
“of the-cfystal where the dislocation density has achieved some critical

‘ value; The crystal then.becomes.energetically unstable and parts aloﬁé

ba crystellographic sef of planes which releases a maximum amount of strain
~energy; Due to the lack of a detalled knowledge of the elastic Coéffl-

‘01ents of these alloy crystals, the exp051t10n of the proposed mechanism
cannot be made in a more pleasing quantitative manner.

The behavior of the lattice parameter.as a functioh of alloy com- -
position,'Fig. 17; exhibits no merked anomalies;:‘Beyond the compesitien-
MO-T Ta a positive deviation from Vegard's Law is observed. The maximum
deviation occurs near the alloy comp051tions Mo-33 Ta, (minimum cleavage
'f'vshear stress) and the second largest deviatlon occurs near Ta-30 Mo
(maximum shear stress for slip); The purpose of measuring the,lattice
- parameters of fhe'allOy series,wasAto deter@ine if there existed aﬂyl

-changes in the 1attice parameter at some.particular alloy composition;
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As can be seen from the figure, no marked changes‘are'observed.

The follow1ng will be a summary of the electron microscope observatlons.

'The dislocation substructures of the alloys which flow plastically have. a

- very similar appearance to each other and to'other tensile deformed metals,

e.g{ Cu, Nb and Fé. The tendency‘for'the dislocations to lie in straight

llnes which is most manifest in Ta-30 Mo, maximum alloy composition which

'(flows, is apparent in the mlcrographs and is taken as ev1dence for an
bhf increase in the P-N frlctron w1th an increase in alloy composition. The
_ fresh dislocations in-the'nicrograph-of Ta-U2 Mo are seen to be uneXtended
..and spraight.Which indicetes that if short range order is present,'the
'.Iargest dimension of.phe ordered region>is less than about 300 K.‘ Mo-40 Ta,
o Mo-28 Ta.and Mo-19 Ta showed Eé partioular features of interest. The dis-
',glocafions shown in the micrographs are residual, i.e. grown in. The dis-
‘:- Iocation arrangement after tensile deformations in Mo-T7 Ta is equivalent
- to that of Ta. ‘There_were nguuhusual diffraction effects.observed during
‘If;all the tiIting erperiments. A eomposifion deviation from random solid
‘?fsolution would not be expeeted to show any dbservebIe effecps either in
Iithe bright or dark field'electron image or diffractionopattern‘unless
i there existed epprecidble strain fields assocdated‘with the deviation or
.“ -the consﬁituent in excess'assuned some periodic arrangement in the crystaI.
‘}jvThe above applies for diffraction contrast. However, when the deviations .
i'zn;.are normal to the f01l surface, then dark and light bands w1ll.appear due

L to the dlfference in. linear absorption. . (See page 89(a). )

I III C. Electrlcal Transport Proverties

' It is necessary to present a summary of the theory of electrlcal

. tranSport processes in the tran51tion metals before any meanlngful dis-

o cussion of the observatlons can be presented " The follow1ng theory was_;
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”firsf proposed by Mottel and has been recently discussed by Ziman.22 The
_brief exposition ef’the_theory as given here pafallels that of Ziman.
It 15 the consensue that invthe transition metals the s-band and
d-band heve consideréble overlap._.The s-band contains nearly as many
.almost free electrons as in a "normal” monevalent metal. The d-bands are
- rather narrow and partially filled with electrons, the fermi velecity of
‘the electrons in these bands being much lower than in the s—eand. The
d-band is composed of-five sub-bands each of which can accommodate two
'eiecﬁrons per etom..
From the elementary solution of the transport equafion, when there
.r>1s elastlc scattering of electrons, the electron distribution function

deviates from equilibrium by an amount which is proportional to XK’ e.g.,

Ofy afk .
Ly WOVToAT R
f - 2 = —— '  Eq. (1)

=5

L ] (1-cos 0)a((x-k'),0)a 02

‘An,explanation.of the notation must now.be giﬁen. Q((x-k'),8) AL is &
differential transition prdﬁability Which-ie the frobability that an

Zv electron of momentum h k is scattered throﬁgh;an angle © into solid angle
an, Glbeing the-angle.between k and k', the trensition probability per
unit,time.for tﬁe process k.~ k', i.e. an electron in state Xk being

scattered into state k' is written

T

H kl 1 )
Pi .d'l{)' £y (1 £ )Q; ax' is Q[(;;-;g'), )

-

';1n vector form. The factor f (l f ) 1s a result of the fact that elec-

tvtrons dbey ferml statistlcs and thus for the process k- 5 s fk accounts

=4
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for au'electron being in state k-and (l-fk)iaccounts for the state k'

being unoccupied.'vf° is the unperturbed fermi distribution of electrons

k

‘and £, 1is the perturbed distribution function. xg is the velocity of an

X
electron in statelg VT is the gradlent of the temperature in the crystal.

E is the applled electric fleld e is the electron charge €k is the

energy of an electron in state k. Because the deviation in the distribu-

tion function is,proportional to Xk’ the trial function should be written

in the form ‘

B for 1nsert10n in the varlational expression . for the resistivity. u is
the phonon veloc1ty. The 1nfluence of‘§ is seen in the expres51on whlch

defines the perturbed fermi distribution

'of° . . o
=1 - : | L ‘Eq. (3)
;- g 3¢, °
: COf° ‘
The term-~ 5 which is equal to f (1~ f )/kT has & sharp maximum at

the fermiesurface and thus P, d k' is finite‘only for electron states

_ X
within about kT (~ %;—dev_) of the fermi surface.

Recall that the electrons which are involved in the transport process

: are divided into tuo groups.‘ A group in the s-band with nearly spherical
v.ferml surface and normal. free electron energy EK The other group is in
'rethe d-band whose fenmi surface is complex since 1t is composed of sub-
-:bands and here:the. ferml veloc1ty is much lower.' In this:discussion
Ielectron transitions are produced by lattlce vibrations, i.e. electron-
:phonon interactlons, where only normal processes k= g = k' as contrasted

-with U-processes 9=X k- k' 5 are consldered. g is a reciprocal lattice

'E‘k?v u | Eq. (2)

T e T O S
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vector and q is a phonon wave vector.
Upon- insertlon of the trlal functlon, Eq. (2), 1nto the varlatlonal '

expression for the_electrical resistivity

l??’ W

- 11\ 99 axajag -
oe ‘I‘ ff(kk» [°} v . R Eq. (&)

Bf,
lfzv@ g ax
5 .

l2

: the numeraﬁer‘can be‘separeted into three terms each divided.by the same
'aenomineﬁor.:vThe;three terms in the numerator are:
a) < is,‘?@s'> cerrespondihg to electron scattering from s‘to s
‘jetatee : |
| B) < é ?§ > correspondlng to s to d state scattering.

» 3c) <‘§d’ P@ > correspondlng to 4 to d state scatterlng.
‘The notation < @s,_?éd > is used which means
-.,§ff{d> (k) §<§>)

'<“Each of the matrlx elements (a), (v) and (c), divided by the same denoml-

3; 5>3d5d5

WT l??‘

nator, contributes to the total reslst1v1ty. The denomlnator can be :

.-written. .
< 3, p(m=1) Q >12
' - of°

-

R . : o
[;%fzxgxgy’&g (27T> {vG +vG} ‘Eq. (5)



where P(E:l) is tne nransitien'prdbdbility.in unit applied'eleetrie field,

G and G are the-areaS'of tne fermi surfaces and VS; V3 the velocities

| for the two bands. The plausible assumption that vy >> V4 can be made and

although G may'be comparable to G the term vde can'be neglected compared

to vsGs. Thus, most of the current is.carried by the electrons in the

s—band.n
The COntribution to the total resistivity due to s-s scattering

v'preeesses;‘ps ,'is unaffected by the presence ef a full'oi partially full
d—band., The matrlx element for this process, < ¢ P¢ >, would be expec-
. .ted to be about the same as in normal monovalent metals.. In the presence of.
| -"..J.\fa partially filled d-,, and, the contribution to the totel resistivity due
I"'to s-d‘seattering proeess, psdf.wouldibe significant since psd.can be-
written . |
p;d~ . 2_'-' gﬂhe _ .'(vs-vd)e((ic;’-'_lﬁ')'e)e(l (kfﬁ')'}edcg;_v;_}idca .
S 24 meTvsGs : o (1- -exp-;; )(exp kT - 1)

6)

| f'wnerevm is:theveiecfron'maSS ines;nand,
) N;isfnumber_of electrons in s-bena pervunifvvolume. .
UK is'Bcltgmann;s censtant : | »
'eris the polarization vector of'thefphonons;v

"j Ndw, P sd will be dlfferent from p by a factor :}v-

Psa (Toa(551))"

fps? nf: [Iss(5~§')}2

- (D)
f-I(g-g ) 1s a quantity having the dimensions of an energy'but depends on

'7 vthe magnitude of the scattering vector 5—5 f‘When the value of the function



"'J‘.Oh“" . ' - .

'Isd(§;§'> which_afpeerslin Eq. (6); for the s;d process has a value com-
~ parable to thstrin an s-s process,‘the contribution to the total resisti- 4
:Iuity‘hy‘s;d sesttering should be grester than Pyg BY about the ratio of
’lthe densitj of states in the s and d.bands. 'Hence,.the increase in re-
‘sistance of transitionvmetals with,respect to normal monovalent metals
should be proportional to this factor.

| The calculation.of the electronic energy bands in a tungstenscrystal
has been performed byiManning and Chodorow23 using.s Wigner-Seitz-Slater
. eellular method. The density of states obtained by them may be used %o
:V_lndicate the plau51b111ty of Mott's theory of electron transport in transi-
._tion metals. The density of states .as calculated for tungsten by Manning
and Chodorow and/ﬁ&th ordinate and ‘abscissa scales transformed by Wllsoneu
-2,‘1s shown in Fig. 32. .The position of .the fermi level corresponding to six
;fs+d electrons for tungsten and.five_s+d,electrons,for_tsntalum are.indicated
'u«by the,vertieal'lines. Although the density of ststes as shown was calcu~:
-Allated for tungsten, it should be essentially the same for tantalun which

" immediately precedes tungsten in the third long series of the periodic

" . .table. In the figure, bands marked I through»V are the five suh-bandsv

of the d-band and VI corresponds to the s-band in the cr&stal. The density

of states of band VI (the séband) andlthead-sub band V have an appreciable

" value to high energies which_indicates considerable overlap of the respec-

tive electron wave functions in‘the crystal. sThe‘electrons in states

- of these two bands can be expected to:behave'as nearly free electrons.

j:»fFurthenmore, the electrons in band I will play no part in the transport

"lf;:process, since these states are far below the fermi level. According to

- Mott 5 theory, as summarlzed previously, the re31st1v1ty of tantalum w1th

' resPect to tungsten should be in- the same proportion as the ratio of
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density of statesoof,those electrons having decharacter4to those having
s-character. The ratio can be taken from Fig,.32 at the fermi lével for
t tahtalum ahd tungsten.. The electron'in bands_II, Iii and IV will have
d-character and those in bands V.and VI will behave as being nearly free,
i.e. s-character.

Before a comﬁarison between the density of states ratio to the oh—
served resistivities can be‘made,vthe,thermal contribution to the resis-
tivity must be factored out, since the thermal contribution will be
different for the two metals. Mott and Jones25 have shown that the differ—'

-ent amplitudes of ‘thermal vibrations of the lons at a given temperature

" - can be corrected for by the factor

[*]

MG2

S where o is the conductivity of a unit cube, M 1s the mass of the vibrating

ion and o is the Debye temperature of the crystal. | For comparative pur-

poses, it 1s the conductivity of a fixed number of ions that is of interest.

This is accounted for by‘inserting the radius of the ion” into the denomlna—.:vf

j “tor of the_above_expression, thus giving the result.

(Y

M r.62

. for the normalizedoconductivity. Using the values.given'in Table X by
' 2

Mott and Jones 2 and dividing by the respective radii, the normalized
*_conductivity for tantalum is 0. 54 and for tungsten 0. 73 These values

AR

2 give a normalized resistivity ratio

pTa

= 1030 )

T g g ey e
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The density of states in bands II, III and IV divided by,the density of

. states in-bands V and VI at the fermi level for Ta give a. value .

n{E)d "= 0.63

E s

T
The similar ratio at the fermi level for tungsten is

n(

'

a 2 0.8

E
E W

=
o5}

The ratio-

= N
Gl
el fes]
g
o

Bis
=
o |
=
o
1
e
w

o]
n
=3
o
e
o
()

';'shows quiﬁe good. agreement'with the observed resistivity ratios of tantalum

and tungsten.i This'result suggests that Mott's model is essentially correct.

- A qualitative prediction of the resistivity behavior as a function of

Elloy composition in the Ta-W series could be made from the'density‘of

istates'as‘shown in Fig. 3l,only if the following conditions were satisfied:

a) the alloy series forms a random solid solution, i.e. no composiF
- tion deviations as observed in tha Ta-Mo series,
b) a method of nomelizing the temperature contribution to the re-

sistivity can be derived.

These same conditions would apply to the Nb-Mo:series if one were toi

calculate the density of states.forfMd or NMb. Condition (b) could be met

gby'measuring the lattice parameters and the elastlc coefficients as a
”-;i"vfunction of alloy compositlon.- An average ion mass and radius could.be

jtaken for the alloy for M and‘r respectlvelyo The Debye temperature for

25

© " The re51dual re51stiv1ty could be factored‘out as was done for Ta-Mo in

- Flg. 6. The failure to setisfy condition (a) is an inherent property of‘f»
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»the'alloj seiies Ta-Mo and probably also for Nb-ﬁo,‘Tafw and Nb-w. Such
deviations from random solid solution composition would snrely produce
‘electronic charge density deviations in the crystal and the'affect of S o
~ these on the transport properties would be difficult to account for.
The task of calculating the density of states for the Ta—Mo or Nb-W *
. alloy’series,would,be formidible, since, among other factors, the poten-
tial of the ion cones of the alloy constituents differ from each other
considerably. » o |

The obserVed‘Behaﬁior‘of the resistivity of the_Ta-Mo alloy series

" as shown in Fig. 6' where the residual resistivity has been factored out, -

l:.‘lS the result of a non-linear change 1n the elastic coefficients and

- variation of E%E%%' with alloy composition as well as composition devia- . .

iitions. The amount each of these factors contribute to the observed

l-resistivity'in Fig. 6 must remain unknown until at least tne elastic

Jncoefficients have.beenldetermined as a function of alloy composiﬁion.

- There is an 1nterest1ng observation concerning a connection of the
> res1stivity pe73 K pu ok of Ta and Mo and the compliances Sll The

e ratio of‘resistivities is about equal to the ratio of compliances, e.g.

(s

) .
( 11°Ta being 2 h3 and 2. b2 respectively..

ll)Mo

(9273°K - Py, 0ok )ms
(b273°K - °u.e°k?Mo

This is reasonsble since the thermal amplitude of vibration of the ion

" with the longitudinal - |
L i

T phonons having maximum effect for scattering electrons.’

, would be a function of a combination of the S,

The behavior of‘the resistivxty as a function of alloy COmpOSltlon ~
_}in the Ta-Mo alloy series as shown in Fig. 6 1ndicates that there is a

marked change in E%—%— and/or in: the elastic coefficients near the SRR f - f
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compositions, Mo-~20 Tg, Mo~50 Ta‘and Ta—12 Mo since there is a marked
‘change in the slope of the curve at_thése'compositions.  For this reason,

these alloy compositions should merit special attention in future studies.
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IV, CONCLUSIONS

l(- The Ta-Mo alloy single crystals cleave under ten51le loads in the.

) composition range Mo-l9 Ta to Mo~58 Ta on (lOO} planes at 273°K.

2.- The critical resolved shear stress for plastic flow is & non-linear
fanction of alloy’composition. The.increase in the shear stress for flov

is the result of an increase in the Peierls Nabarro friction of = dlsloca—

tion which. oceurs . through comp051tion deviations on (lOO] or {llO], alloy=

ii,}ing and changes in the elastic coefficients.

.‘lﬁ3.i The Ta-Mo_alloy series has a bce crystal.structure showingino long
‘frangelor short range order with dimension > 300 K, or intermediate phases.
.h, The.lattice parameter,versus alloy composition shows a positive devia-
:: tion fron Vegard's Law for allbcompositions from Mo-18 Ta to pure Ta. l
3“~5. The composition on (100} planes deviates from a random solid solution

‘_composition for alloys in the range Mo-19 Ta to Mo~50 Ta. These alloys

.. show cleavage at 273 K which appears to be dependent on the shear stress

on the cleavage plane (lOO}.

" 6. The proposed mechanism of cleavage is as follows. Cleavage.occurs

. due to a v1olation of the strain energy restrictions on the elastic

coefficients in a local region of ‘the crystalf_ Alloying and the existence

RS

" of erystallographic composition deViations“change the elastic coefficients,

in the range of alloys-nhich cleave, tovvaluesiwhicn-marginally fulfill
4'-}the restrictions imposed on them by the necessity of a positive-definite~s-
~strain energy. Tne’presence'of a critical'numser'of dislocations in a
7vlocal region.produces changes in'the values of the elastic coefficientsz
vﬁsuch that the strain energy restrictions are violated in this region.
" -The crystal is then energetically unstable and cleaves on the crystallo-’»

graphic plane wvhich Treleases the maximum strain energy.
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‘T. .. Marked changes océur:in the density .of electron states in the @ and
s band and/or»in the elastié coefficients at the composition Mo-20Ta,
Mo-50 Ta and Ta~12 Mo.

’
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' APPENDIX I

: Comparison of the Elastic Compliances of Nb, Ta,
' Mo and W ' ,

:vTherevare.some_interesting observations to‘be made through a comparison . -

. .of the elastic coefficients of the elements Nb, ‘I‘a, Mo and W. The elastic

I,'compliances and the margin of fulfillment of the strain .energy restrictions

on the compliances are shown in Table Al. It is quite evident from

"’ columns. 5 and 6 that the margin of fulfillment of the restrictions on the

; compliances decreases going down column 1 from Nb to W. If the absolute

h"value of S..

12

- would be v1olated, It-is very likely that changes in Sl2 of W produced by

:'changes in'temperature“are responsible for the appearance of the B form -

"and also the fact that the ductile-brittle transition temperature of W o

"',; is the highest of these four elements.

The elastic compliances in some crystallographic directions of in-

IJV._terest are shown for these four elements in Table A2. A plauSible reason

‘

... for complete ductility in the Nb-Ta alloy'series is based upon the ob-

" servation that the compliances under tension and shear in important direc-

“tions haveVrelatively large values for these elements. Further, the

- margin of fulfillment of the strain energy restrictions on the compliances

 is comparatively large for both elements.

The alloy series Mo-W is reportedl to be ductile at all alloy com-..

" positions. The plausible reason for this mechanical behavior i1s based

A -

']'upon the observation-that the compliances to tension and shear in important
"”*crystallographic directions have about the same values for these elements

- even'though they are_relatively small. ;The.closeness of the values of -

of W were to change by only 0. 56 ~the strain energy restrictions

7 S g i e o e s et




Flastic Compliances (cmz/d) times 10

.-DA;:

TABLE AL

13

Element Sll : -Sl2

.8 (s A—‘I'S ])* (s ;i-QS )* ﬁeferences'
LY. 11 ‘12 11 ~"12

' Mo  v_ 6.60 2.33 -

Ta, _,ﬁ_’j6,78 2.47

" Mo _Hilfﬂ2.8  ho.78 :

W 257 0729

35.0 L.27

11.98- k.31

9.1 L 2.02

6.60 1.8k

1.94

1.8
' L (1963).
1.24 1

1.1 B

Amer. Inst. Phys.
Handbook (1963).

 C.S. Hartley,

ASD-TDR-63-870

"M.J. Druyvesteyn,A

Physica 8, 439

i (1941).

Amer. Inst. Phys.
Handbook (1963).

A sll;>_lslzl{ 8.9

A’ measure of fulfillment of elastic strain energy restrictions, i.e.

“+ 28

12

>0 a.nd‘ Slm. > O..j_'»; o
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" TABLE A2

‘Elastic éompliances under tension parallel to and

;;'  torsion about some crystallographicvdirections in
e ;:.units‘of-cgntimetérse/dyne multiplied by 103

Elemenﬁ

4

E

tension in [hk¢] .

G

torsion sbout [hk!]

Ta

[100]

Ctol -

il

d;mfftllE] -

’6.78
_ 5.167 R
Cuer
»5.16f5' .

12.0

| 8.73
|  '7.67 o
7>fﬁ8.76} )

’,M01  }.

Mol

“?[111]:*f7 -

ﬁ[112]’v

:; ElOO]';}.g.-

Y-
3.3
2.3

3.3

9.1 .
1041
T 104k

'10.1

.*[1001;:f"

e ii;f_

L e S e

ol

. | 6. 6Q | ;.A'v'v:"':

12032
1085

"a'f 35.o.

3.5
6.4
| 3

el Lo

: .;fx [100] =

ﬁ .Illo];:f -

S

2-57 :  ',"' -
e.sT o

S BsT

6.60
6.60

1f6.60vg
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»Mo and W in Table“AE wonld predict that excursions from randOm.solid
solution eompositions nould.be minor as compared to Ta-Mo, Nb-Mo and Nb-W.
The oteervationAthat W is verj nearly e;astically isotropic is consistent
with the latter predictions. W is anisotropic in the fourth significant
figure and is procbably anisottopic in the elastic coefflcients of higher
order. The author would predict that the;e may be a ductile to brittle
r transition Below.é73°K in the W-Mo alloy series because of the small margin
of fulfillment of the strain energy restrictions of both W and Mo.

The alloy series TafW,.Nb-W, Nb-Mo cleave st high alloy compositions.

. The observationithat the directional compliances under tension and shear,

. as shown in Table A2, differ appreciably for the components of these alloy -

. series strongly suggests thet relatively large deviations from random
- solntion composition'may occur.in tnese allo&s." Furthermore, since the
_margin of fulfillment of the elastic strain energy restrlctions on the
o compliances is relatlvely small for Mo and W, it is prdbable that the
- margin becomes even smaller by alloying and compos1tion deviations. Itf
is plausible, that in these alloy crystals the change in the elastic com~
:~pliances produced by the presence of an increasing number of dislocations
| is sufficient to violate the restrictions on the compliances in some,

" region of the crystal with the result that ‘the crystal becomes energetically

v 'unsteb1e‘and cleaves.

The verification of suchtpredictions would result'from a'determina-

"_‘tion of the elastic coefficients and their dependence upon alloying and

s temperature for these alloys.i_:'(

&,
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APPENDIX II ~

vCalculation of the Impurity Level as a Functicn of ph 2 for a Ta
Single Crystal. '
A relationship between the specific electrical resistivity and
'the volume density of impurities in a metal crystal is desired. Such
a relationship can be obtained by appealing to formal transport theory
~as will be shown below.

The macroscopic electrical conductivity is defined by

: | d = oF | . , _ ~ Equation l»_ .
fﬁ iis the current “ B
; § is the applied electric fleld
" is the electrical conductivity, a second -rank

v fﬁ! tllfhv‘tensor which reduces to a scalar in.the cubic‘
; 'fSystemtdue to symmetry.

.iy:;The electrical conductivity can be written

¢ = ne- S L . Equation 2
| | — P ne.
_ where  n 1is the number of conduction electrons per

- ‘unit volume
'eltis the charge on an electron_
. nd;is,the electron nass
15{11fiis the'relaxation time,‘i.e;;:the time inter-;;
'“-ligf.f}ilxli' val between electron scattering events. .
‘i A mean free path cen be defined as the distance traveled between

scattering events, €+8ey

v A = tvorT =

‘-Equation 3 - .

~
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where V is the velocify of an electron at the fermi surface. The mean
free path is mdre directly related to the distribution of scattering

objects in the solid and would obey a relation such as
1 o E _ . '
= s— : Equation L
. - A= | e
where Ni is the density per unit volume of point obstacles of total

. scattering cross section Q. Thus, the electrical conductivity can be

*.writtenv | o o
' nefa om0
g = = ' : Equation 5

nv o m v q N(

" by u31ng Equatlons 3 and h Rearranging Eqpation 5, Ni is

ne? n e
N = e——— = 2=E 3 ' Equation 6
’ mvaoQ mv Q ‘
_since the resistivity p = '% .

-In qrder'to'apply Equation 6 one must be able to obtain & reslistic

value for Q. It is the evaluation of Q which cauees some difficulty,

 since Q 1s a function of the difference in the valencies of the matrix

and the impurity, the scattering angle and the efficiency of the con-

duction electrons in screening the point charge introduced in the
crystal‘by the impurity. Ziman26 has shown that the differentiasl

scattering cross section of an impurity can be written
2.

<« 2 ) . '
. oMz, 2 ‘ : : ‘ ,
Q (8) =< é) - X % Equation 7
\ 4 lx-x | +q

. The total cross section Q is obtained by integration, e;g.

Q= Qﬂ fo (l - cos 8) Q (8) sin 8 d )

"“;vThe definitions of the parameters in Equation 7 are as follows-

Z is the difference in valencies of.the matrix atoms and the.

impurity,

3 gy WP e e




'y is‘thehengle between thel1ncidentvendvscattered electron wave

- vector, e.g.

‘fromﬁwhich,one obtains‘tbeﬂrelation.lg -x'| =2 [x| sin g, 3 is the

- . screening length, i.e. the range of influence of the perturbing charge

- is reducedrto.about_this value due to the screening ability of the
conduction electrons. |
At 4. 2°K scattering at small values of 6 WOuld predominate.:

.Therefore, since - lk - k'] appears to higher order in Equation 7 it can.

be neglected. Upon performing the integration of Q (e), the expression |

B for the total cross sectlon is given by

o o112 2 | .
- Q = Ul 2mgz _._1.2. ol ': quua.tioqn 8

q

. j:The‘Values used to compnte:Q~and Ni and their Justification, when .~

B

.. necessary, will now be given.

2 is defined as being the'difference in valency between the atoms -

-of tnevmatrix and that of the impurity. ' When-located:in an:-interstitial

site of the crystal; the total ion potential of the impnrity should be'_"..'

if‘used-to determine Z.26 Therefore, interstitial impurities are the ‘

oo major scatterers at‘h 2°K. The most. probable 1nterstitial impurities ”l;'

vflin Ta are carbon, nitrogen and oxygen.' For the ionic potential of
'7*the impurity the value of seven. 1s taken, i e. the mean between carbon'

‘_and.oxygen. ‘The qnestion arises as to what 1s the valency of tantalum'

4
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| 'In the context of electrlcal transport properties, it is clearly the

number of electrons per atom that are involved in the transport process.

',_Therefore, the number of electrons dn band VI and the d-subband of

Fig. 32 is to be faken as the valency‘of tantelum; The total area under

curve v corresponds to ‘two electrons per atom and likewise for curve VI
. For Ta in Fig. 32 band V ie about one-qnarter filled and band VI 1s

- about one-fifth filled, giving the result (H):e plus (3) 2 or 0.9
"electrons per atom which carry the current. The difference in the
valencies is thus 6.1 for the case of interstitial impuritles° The high
value of Z for interstitlals indicates that they are very effective

scatterers as compared to substifutional impurities where -Z is in the

"range of'l to 2 |

The number of conduction electrons per unit volume in Ta is

(0.9) (16.6) (gzmgsy (6-023x10%3)

22

n

4.96 X 10

n

The conduction electrons in Ta do not behave as free electrons'

. due to the finite value of the matrix element connecting s and d states.

' }This fact isvaccounted‘for by taking for the mass of the electron the
mass of a free electron multiplied by a weighting factor. Therefore,

- since the density of d-states at the fermi surface in tantalnm is large
and. the fermi surface is complex, the effective mass of the conduction

" electron is about 1.5X(free electron mass) or

-

a e(ls) (9ohx1028 g)

= 1.35 X 10'27’g.
The specific resistivity of a tantalum crystal at L.2°K, written

HATR

e O

o e g




. ’-»phex’
'lQ?XlOlon-cm( x1o

'if ﬁ'surface is given by v —-JéEF The value of the fermi energy EF is taken

from Fig. 32 for Ta and 1s 5. 2 eV.; Thus, :

'{;A plausible27 Value for the screening length (= ) is the atomic radius.
’vIn Ta, ( ) 1s l &3 X 107 m; ~USing the values given above in Equation ,

Kivl8 the total scattering cross. section is found to be Q 6. 50 X 10 e,

:7flﬂisubstituting the computed value of Q and the values for the other param- o
;[;eters_in Equation 6 one obtains for Ni, the’ denSity of scatterers per
:;;"qunit volume of crystal Ni = 1 67 x 1o By dividing Ni by the number |

?;5of atoms per unit volume one obtains the atomic fraction of scatters,
e-g" ' 52
“*7]3“atoms for every 109 matrix atoms. More figuratively, this impurity

'}‘;{level cOrresponds to three impurity atoms contained in a cube of matrix t

;'ffb:atoms of side 10°

’gatomic volume of tantalum shows that the distance between 1mpurities -
""V;Lf;is about 2000 A. Although this is an order of magnitude calculation, o ; P

1tﬁlthe value obtained is 8 maximum since the contribution to the resistivity K - F

is l 27 X lO lo.fl cm from Table I‘ﬂ This value is. in mks. units ..”
and must be changed to esu units for computation. Therefore, Py oK =
ll) 1.41 X120 22 stat.cxcm.-,n is %; =

Oh X lO 27 ergs.- The velocity of an electron at a spherical fermi , ‘ |

i xS

| ”
(2),(5 .2_eV) (1 602 X 1072 erg/ev) g

135x1027

l lO X lO8 cm/s.‘ The charge of an electron, e, in esu is. h 80 X 10 ~10,

-8
-14

h

1 S
&—§Z¥§¥H2- 3 Ol X 10 9, which corresponds to three impurity

S5 T C

3

atomic daameters. A short calculation using the

7‘.\.
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