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Abstract of the Thesis
INTERSTITIAL I'[MPURITY- INTERACTIONS AND
DISLOCATAION ‘MICRODYNAMIACS IN Mc')" CRYSTALS

by |

Dora‘Ng Kwok
Master of Science
| in
The Collegelof Engineéring
Depértment of Materials Science

State University of New York at Stahy.Brook

The effect of interstitial impuritieé on the

mechanical propertiés of molybdenum are explored in

this investigation by‘comparing results obtained for .

crystals of various interstitial contents controlled

bylultra-high vacuum outgassing. Results show a 6%
modulus reduction for as-growﬁ sampleé and a l3%~
decrease for outgéssed specimens at - low applied
stresses. As a function of plastic microstraiﬁ, the
values of modulus defect for both as-grown and

outgassed specimens saturate at the same value.
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" Interstitial impurities act aé pihningAagents to dislo-
éatioﬁ ﬁbwing, but when all the easy dislocation loops
'ﬁéve brokenaQay froﬁ local interstitial pins, the
modulus defect r;achés a constant saturation value;
Etch pitting techniques were used to correlate
microstrain obéer&ations With dislocation generation
and motion. It has been found thét edge dislocation
genéfation and movement are active in the microsﬁrain
region while screw dislocatibns are relati&ely ipactiVe
unﬁil the macrostrain region is reached. Dislocation
velocities range from 107® to 1073 cm/sec and the
a&erage distance between interétitial impurity pinning

4

points is found to be ~8x10™% cm.
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81. INTRODUCTION

Molybdenum is a refractory metal Qith vést
technological import?nce. However, its applications
-are'limited by its insufficient ffacture toughness.
The fracture'toughness is intimately related to its
ability £o generate'énd sustain plastic deformation
during cr;ck initiation and propagation..Theréfore, it
is of critical interest to understand tﬁe factdrs
which inhibit plastic relaxations in such a BCC metal.
‘Many theories have been proposed during the past decade,
the principle theories fall into four Categories: the
effect of ihterstitial impurities (1-3), the inherent
BCC lattice (4), the effécts of slip asymmetry (5,6),
and anisotropy in flow betweeq edge and screw dislocaf

tions because of core splitting of screw dislocations (7).

1.1 Review of Previous Experimental Results

| TheAmechanical properties oﬁ molybdenum, like
other BCC metals, are strongly influenced by impurities,
especially at low tempe;atures. To ﬁnderstand the

inherent behavior of these metals, it is essential to




" .eliminate, as much as possible, their subétitutional
and interstitial impufities. Work on molybdenum is
- limited, but Sther BCC metals, like tungsten, which
is believed to behéve=in é similar féshion to molybde-
num, have been studied.
The effect of subStitutionai impurities on the
‘ténsile properties of tungsten single crystals at
temperatureé between 77°k and 302°K has been reported
by. Koo (8). The critical résblved shear stress was
decreased, at all temperatures, by increasing theA
number cf zeone-melting pasces from cne tc five. Ducti-
lity was repbrted to increase with the number of zone
passes, while twinning was faéilitated. Yield stresses
of molybdenum single crystalslhaQe also been shown to
decrease with increasing nﬁmber of.zone passes (3).
Interétifial.impuritiés contribute sigpificantly
to the mechanicai properties of BCC metals. In molybde-
num single crystélé, the critical résolved shear stress
and‘its temperature dependence decreased with increasing
interstitial purity, althougﬁ ductiliﬁy Qas not improved

by purification using Zsz as a gettering ageht (1),



- instead of vacuum outgassing,Awhich wili be employed-
in.the present investigation. However, ductility was
"determined by'redpction in area calculations, and in
some cases, the Feduction in area Was found to be as
high as 100% (78°K) and as low as 9% (20°K) . The yield
point.return andlmodulﬁs defect reeovery of unalloyed,
fecrystallized, powaer metallurgy molybdenum (9), were
attributed to a pinning brocess with similar kinetics
as the Cottreil—Bilby model, where interstitials diffuse
towards dislocations and ere bound to the dislocetion
lines. {In this proccess, dislccation generatiocon cen
eﬁly be poseible when sufficient energy is appiiedlto
unbind such pinning).

Interstitial levels in ehe parts per million
(ppm) range have profound effects‘on mechanical beha-
" vior as well es the inherent'lattice itself having
interaction energies with dislocations of the same
order of magnitude as with impurities. It is therefore
imperative that sensitive techniques be ﬁsed to distin-
gulsh between the different mecﬂaniems; fhe present

work w1ll employ. technlques using etch plt observatlons,



capable of revealing dislocation flow more or less on

a one~£o—one basis, as well as ultra-high sensitiviﬁy
microstfaiﬁ methods - (4, 10-13) to magnify the stress-
strain behavior in a way thaf can be readily correlated
to etéh pit observation. It is beliéved that such a
senéitive technique should bé ablé‘to.éxamine the
initial stages of dislocation generation and mdbility
and elaborate on factors which impede éuch activation.
Thermal assistance can be minimized by ﬁsing low. tempera-
ture tesfing methods. Different temperaturé dependences
aré expécted for differen£ mechanismeg, thus, low tem-
peratgre méchanicaluresults will aid in identifying

the type of damping mechanism that is predominant in

" BCC molybdenum.

| It has been found; in molybdenum, that there -
exists an iasymmétry fior slip‘on ;112% planes (5)}

The critical resolved shear streés for slip on fhe
hard 3112{ planes is reported to be at least twice the
critical resolved shear stress for slip on%llO%cplanes.
Aécording to Guiu ( 5), slip on ;lloi planés is alwayé

dbserved.;Thus, independent of orientation, the yielding

-



brocess involves slip on the ’llo&<lll>-system. During

cyclic deformation of molybdenum single crystals (6),

- the saturation stress in tension is different from that

in compression, which suggests the presence of an
asymmetry of the flow stress. Asymmetry of slip is
believed to be present as soon as nlastic strain
beconmes detectable. <llQ>crystals are reported to be
harder in- tens1on than in compression while the reverse
is reported for%<100>-crystals (6). The above-mentioned
observations will be ‘compared to the resultsvobtained
from this investigation and the slip systems that
affect microyielding w1ll be discussed.

According to Vitek et al (7), slip geometry,
particularly the asymmetry of slip, is controlled by
the screw dislocation core structure, and is similar
for many BCC metals. The core structure is described

by splitting on three ;112; planes in the twinning

directions, with large displacements on three 3110%

planes that decrease monotonically. When screw disloca-

,,tions are moved by an applied stress, the core structure

- may have to be changed into a glissile configuration,

B e o R - - oo ey
e
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or ﬁhey can move by direct jumps between stable confi-
gurations. The dislocation center always coincides with
a tﬁreé4fold'screw symmetry axis, so that'%lloz and
;ll2{ are the only microscopic slié planes (37). it is
suggested that displacement will be concentfated on the
threé %1102 planes radiating from ghe center and these
will be thé predominént.slip planes in BCC metals. Etch
pit results obtained in the present expériment will be
analyéed in light of the above findings and the mecha-
nisms'governing microslip will be explored.

1.2.

.
Experimental DPlan

Interstitial impurities in the ppm range can
have a profound effect upon the meéhanical properties
of BCC mefals, as examples above.have shown. Therefore,
~it is necessary to minimize the interstitial content
as mﬁcﬁ as possible intordér to have some baée level
for studying the inherent properties of the BCC lattice.
Single crystéls of mo%Ybéénum will be tested in
coﬁpréssion at 77°K and 298?k. Edgé and screw dislocé—
tion generation and motion will be observed using

relatively one-to-one etch pitting techniques. Etch pit




results will then be correlaﬁed to the microstrain
behavior. The interstitial concentration of these
:single crystais will'be minimized by ultra-high vacuum
degassing. Simila? ééch pit and microstrain stﬁdies
will be éerférmed and the results for as-grown and
Qutgassea épecimens will be coﬁpared.

: Coﬁpression testing methods are preferred to
tension ekpefimenfé due to a humber of advantages of
the former technique. Maﬁerial is cénserved and a much
larger amount of data can be generated and compared,
There is no gripping‘problem and a uniform stress
system can be produced. However, drawbacks do exist
in relating the distance moved by the compression
plates and the true strain producéd in the specimen.
‘Tﬁis_wiil be discussed in section‘2.6.

_Compafison of results of'asjgrown and out-

gassed crystals should display the influenéé of i
interstitial impurities on the ﬁeéhanical behavior of
ECC molybdenum. The behavior of the metal is, to a

' great extent, dependent on the number and type, edge or

scréw, of dislocations present, but a large number of



reports do not give any information on the dislocaﬁion
densities and distributions of test samples. In this
investiéétiog, the distribution of dislocations, edée
énd screw, wili gé ékamiﬁed before and after léad—
unload cycling, with special observation on the
generatién and motion.of both'types of dislocations.
The contribution of eéch type of aislocation to slip
initiation will bé‘explored in conjuction with étudies
of-thé effect of interstitial impurities as they affect

edge-screw multiplication and mobility.



B2. EXPERIMENTAL PROCEDURE

fhe experimental fechniques empibyed in this'
'inVestigation are_déscribed in the following six
sections.'Single cr?gtals of ﬁCC molybdenum were
prepared to possess the desired purity levels and were
ﬁestea in compfession. Dislocation generation and

motion were explored using etch pitting techniques.

2.1. Crystal Preparation

Three-pass single crystals of molybdenum,
~3.2 mm in diameter, were grown'in4an MRC electroﬁ
beam zone fefining (EBZR) unit at a pressure of
~10-6 torr. One—pass'single crystals were grown
sihilarly'and were used as preliminary test samples.
Thrée types of orientation of ﬁhe compression axis
wéfe employed, namely, <llO>5<<lllﬁ>, and <100> , for
type A4, B; and CAcrystals, respectively. Ali ﬁhésé
orientations are leés than 2° away from the corners
of a_standard prbjection, as_verified by Laue back-
reflection photographs. TﬁeAcompressiOh axis, glide

plahe.and surface, edge and screw surfaces of the
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<110> type cryétals are shown in Fig. i.

"Due to the zone-refining process, the diameters
6f some cryséals were off-centered by \0.025 mm. In
order to obtain ;niform stréssAdistributioh over the
entire cross-section of the specimgn,.a_diameter—
turning'frocess was performed; fhis was accomplished
by moﬁnting the crystal to a semi-hollow béll
bearing with Aremco Crystal Bond andArotating‘them at
§6b rpm. A flat copper electrode was used_on an ELOX
electron discharge machine (EDM) to remove those parts

"of the crystal that were off-centered. Electfical

- contact to éample was insured using silver paint.
Specimens to be outgassed in vacuum were hole-drilled
on the EDM using a tungsten wire electrode'\b.B mm

ih diameter. fhis was performed so as to allow the
specimens to be hung, with a tungsten wire; inside

- an electron beam furnace mounted in an ultra-high
vacuum chamber for outgassing. Description of the

electron beam furnace appears elsewhere (14).

2.2 Purification Procedure

In brder to understand the intrinsic
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h behaviaur, and to al#o obtain information on the nature
of intefstitial impurities, it was desiréble, to
eliminate, as much és possible; the interstitial
impurities of soée éﬁecimens and compare theirAmechanical
properties ﬁo.the as;grown samples. This was performed
by outgassingin ultra—high vacuum.

To avoid recrysfallization, specimens that
had been ﬁréated ih the EDM wére poliéhed, to remove
ahy damage due to spark érosion, before they were
outgassed for 60 hours at 2673°K. The electron beam
furnace was capable of allowing up'to 154 mm of crys-—

10 torr. The steady

tal in a total base pressure of 10
state total pressure, at the end of degassing, was
_'~5x10_9 torr, as measured with a digital ionization
.gége, A mass—sbectrometer—partial pressure gas
“analyzer (PPG) was connected to the Asystem and was
used to monitor the partial pressures of elements
from 1 to 70 amu. Mass scans were made at regular
-intefvals during degassing to. ensure its effect.

Particular attention was paid in observing the oxygen,

T4 . . .+
05, and nitrogen, N,, peaks.



2.3. Specimen Sectioning

' »The as-grown and outgasséd crystals were cut
'into sections-xﬂ.S,mm in length on the EDM. The cut
specimens were tﬂén‘élip—fitted'into a tungsten carbide
,disk for mechanical polishing. The‘disk was ground
'flat and parallel, withAa diamond.wheel, to within
£0.0025 mm over its 25.4 mm diameter and was drilled
with a series of holés, using different sizes of
Eungsten electrodes, rangiﬁg from 2.7 to 3.3 mm in
diameter. The énds_of the specimens were held in the
disk by some Aremco Crystal Bond, and polishea mecha-
nically by using silicon carbide paper and alumina
successively. Photographs of the polishing rig are
shown in Fig. 2. Approximately 0.25 mm of crystal
were taken{off each end of the specimens so that
damage due to spark erosion could be removed. After
. final polishing, in 25% sulphuric acid in_methanol
solution, at 5 - 6 volts, the speciﬁéns average 6.2 mm’
in height and 2.8 mm in diamétér..Etch pitting tech-
iniques and Laue back-reflection photographs were uséd

to ensure that no damage was done to the specimens

12
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"during sample preparation.

2.4. Etch Pit Studies

In oréer to ﬁnderstand the behavior of.
dislocations duri;g slip, etch pitting techniques were
used to observe edge and screw dislocation effects by
producing'the appropriate etching surfaces. The screw
surface was cut so that dislocations emerging parallel
to it would have a Burgers vectér that wés parallél to
the dislocation line.vector;'The adjacent face, 90° to
it,-was’cut so that the dislocations coming out'parallel
to that surface Would have a Burgers vector perpendicu-
lar to the dislocation line veétdr. This was the edge
surface. One would now be able to observe the two
different types of disloéationé on each face. For
pufposes of cpnvenience, surfaces were désignated as
E (edge) and S (screw) surfaces as shown in Fig. 1.

Symmetric (100) and (110) faces of type A
crystals were found by‘Laue back-reflection photographs
and'éroduced 5y grinding off ~0.015 mm pér.pass, and
'electrqpolishing. The primary slip-vectof a/2[}il] is

perpendicular to the direction [llO] and parallel to
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the diréétion‘[lqo]. (This can be provea easily by
perforﬁing the dot products between these vectors.)’
Thus, it ié pérallel to plane (110) and pérpéndicular
to plane (LOO), where the former is the S surface,
while the latter is the E surface. Edge and screw
dislocation motion and generation Auring microyield
ﬁould be observed by etching these surfaces.

_Etch pi;ting techniques used by previous
investigators (15—17) were'studied and tested. It was
desirable to choose én etchant that would etch both

110n) —_a A
\+uvvy anG

(110) ty
26% hydrochloric acid in methanol solution was found
to etch both surfaces electrolytically at a voltage of
2 - é volts. To ascertain the amount of etching time
reQuired and to assure thaf all dislocations were
'revgéled, preliminary tests were made and the number

of pité versus etching time was plotted for both E

and S surfaces.

2.5, Compression Testing System
‘The present experimental set-up is shown

schematically in Fig. 3. Two diametrically opposed

et e i e o e b o empeigpm o sim s s 4 1 e sseT



LVDT'transducers were utilized as dispiacement gages.,
Their signals were fed into thé A and B inputs of a
éero suppression input modulé of a Daytronic amplifier
" and were summed ;ﬁd Efansmitted‘into the X channél of
a Moseley XY recorder. fhe LVDT4géges were calibrated
by using micrometers which displaced the transducer
cores in controlled amounts. |

A ball and push-rod with coupler were uséd for
loading the specimen seated between two tungsten
carbide plates which were}ground flat and parallel to
within T0.0025 mm over their 25.4 mm diametefs. The
' apélied axial load signal obtained from the electronic
system of the Instron TT-DM Universal Testing Machine-
. was fed in£o the Y channel of the XY Moseley recorder.
Léad calibratibné were performed by using calibration'
weights ana the Instron's internal electronic signal
for the appropriate load cells used. Load and displace-
‘ment calibrations were made before and after each test.
The microstrain reco?ding system'is shown.schematically
in Fig. 4.

A prestress ~0.02 kg/mm? was applied.on the

AN

15



' test specimen after load caiiﬁratidns. The displacement
‘gages wére nulled and adjusted to obtain a suitable
'#ensitivity rénge. At the maximum sgnsitivity used,

1 cm of chart onw£he‘Y axis corresponded to a stress

of 0.05 kg/mmz, and 1 cm of chart on the X axis

cofrespoﬁded to a strain of 2x10_6mm/mm for the usual
- specimen size; An open dewar filled with liquid
nit:ogen was used for low temperature teéting. Load-
unload experiments were perfbrmed at 779K and 298°K.
Some of the samples were etched before and after
straining and the distribution of dislocations were
comparea with respéct to tempefature dependence,
interstitial content, magnitude_of plastic.strain,
Snd edge—screw behavior; The generation and mobility
of both edgeAand screw dislo;ations were related to
microstrain reéults and factors that impede plastic
relaxations were explored. ‘

it had been indicated that compression micro-

strain'resulfs obtained by using an'LVDT‘transducer (4)
- did not agree with tension experiments uéing a qaﬁaci—

tance tfansducer° Later reports (18,12) showed that

16



this was not true. The apparent disagreement in
compression and tension data was eliminated in this
investigation by usirg two, instead of one, LVDT

transducers that were diametrically opposed and their

signals added before being transmitted to an XY recorder.

2.6. Displacement Calibratioﬁ

Displacement calibrations are essential in
compression experiments although hardly necessary in
tension experiments. For compression tésting, there

is no difficulty calibrating the transducer absolute

the transducer core displacements to the actual sample
displacement on a one-to-one basis. In tension, the
transducers measurg,displacements as directly coupled'
to the gage section, wheréas in compression, trans-
.dﬁcers measure the displacement of two compression
plates'which includes the relaxations in the compres-
sion plates, ball bearing joint, push rod and coupler;
) ' )
and even the load'measuring‘cell'itself. These must

be taken into account when measuring true sample

displacement during compression testing while not

17
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necessary in tension. Without this kind of careful
calibration, it is very easy to assume displacements
in the.samplé to be much much different from what they
are ip actuélity”éS'due to defeét motions within the
‘sample.

In this experiment, -load~ﬁnload runs were
berformed on polycrystalline tungsten with a.grain
size of 100u. Tungsten had been éhown to be isqtropic
(4), so the problem of texture need ndt be considered.
Similar tests were made by compressing the‘two tungsten
carbide plates wi
results obtained were compared to their known elastic

moduli.



§3. RESULTS AND DISCUSSION

Comparisons of results obtained fof molybdenum
crystals of varioﬁs purities will be made, as stated
~above. In order to achieve tﬁis, techniques are neces-
sary in purifying these specimens éna céntrolling_fhe
levels of impuritieé in them. Section 3.1 expLains how
inferstitial impurity lévels are controlled, while
section 3.2 dealsjwith the etch pit results obtained
by etching edge and screw surfaces.'Determinatioh of
moduiué defect and mechanical data extracted from.
compression testingvloops are presented in sections
3.3 and 3.4, respectively. Finally, obstacles to

dislocation motion will be discussed in section 3.5.

3.1. Control of Interstitial Impufity Levels

An eieétron beam furnace in an ult;a—high
vacuum éhamber was used to purify and reduce the ]
iﬁterstitial content of moledenum'singlejérystals.
Pfevious stﬁdies (20) shbwed that both nitrogen

. degassing and engassing were éontrolled.by a simple

first order diffusion process. At equilibrium, the

19
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- concentration of nitrogen in.molybdenum, Cye in atomic
'bercent;'is given by (20):-

.1oé cy = %leg PN, ~ 0.52 , 4940/T ' [1]
where pN2 is thewbartial pressure of nitrogen gas, Nz,
in torr, and T is the absolute temperature in °k.

Altheuéﬁ oxygen engassing is also diffusion
eontrqlled, degassiﬁg of oxygen is more complicated.
According to Fromm (20}, oxygen diffuses to the metal
surface during‘degassingAand forms an oxide with the
" metal. The volatile metal oxide must then be evaéerated
from - the sufface'of the oxygen eolid solution. Metal
less due to oxide formation and evapqretion is depen-
dent en the'degassing temperature and oxygen partial
~ pressure at steady state4(20). This éfocess is sﬁrface
limited. From thermodynamic data (21), the formation of
' stable'moledenum oxides abo?e 1275°K is governed by
the.following equations;; |
<-Moé_2 = <Mo> + (02):“AGT - 140,106 + 4.6TlogT - 55.87 (2] |

. ) . ‘ cal/mole '
= <MoO,> + %(0,): 4Gy = 38,700 - 19.6T [3]

T cal/mole
"Thus, thermal energy must be supplied for the oxygen-

‘ <MoO3

‘metal reaction to take plaée, and an addition heat of
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'_reéction is required to strip the oxides from the
metal surface. | |

'Prélihinary tests were used to prdduée'inter-
mediate impﬁrity“ievels. EBZR molybdeﬁum éingle crjstals
were outgassed at 2273°K, in a total base pressure of
1078 torr, for 50 hours. This redueed the nitrogen
éontent by nearly SG% (from 42 to 20 ppm), while little
reduction was shown in the oxygen level (98 to 96 ppm).
This proved Fromm's statement that oxygen degassing was
surface limited instead of diffusion controlled like
gsing. Morecver, it wés possikle to decrease
the nitrogen content while retaining the oxyéen impuri-
tiés. When the oxygen level had fo be reduced also, a
higher degassing temperature was'émployed.

Thrée—pass EBZR single cfysfals of type A,
molybdenum weré outgassed at 2673°K in a total base

pressﬁre of 5x107°

torr at equilibrium. The effective-
ness of the degassing process was controlled by
perfofming mass scans at periodic intervals during

outgassing. Fig. 5 shows the variation in the partial

pressures of the gases at the beginning, the end, and
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other étages of degass;ng. Note the siénificant decrease
in height of all the peaks. Due to the complexity
in§olved in oxygen aegassing, special attention was paid
in ménitoring th;'ox§gen, O;, peak. ItS'variation with
degassing time is sho&n in Fig. 6,;The O; partial pres-
sure4decreased by more than two orders of maénitude from
,~10_7 to 7xiO—lo torr after.sixty hours of Qutgassing.
Although é steady:state equatibn for the Mo-Ovsystem has
not beén established due to insufficient aata (22), it
can be deduced tﬁat the oxygen céncentration has been'
reduged by at least an order of maghitude to'~10 pPpm,
since the concentration, co'w(poz)%' ané poz was.reduced
by more than two orders of magnitude. This was confirmed
by vacuum fusion analysis tb be<l0 ppm.

Variation of the N; peak with degassing time is

’ . . . +
shown in Fig. 7. A similar decrease 1in the N2

paftial
‘pressﬁre was 6bséfved. Using Fromm's equaﬁion (20) for
the Mo-N system}‘the nitrogen concentration can be
calculated. At the eﬁd of degassing, the nitrogen
partial pressure was <10”? torr. From Fromm (20) : -
A | I :
 1og cﬁ % %log pN2 - 0.52 - 4940/T. - [1]
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-9 torr, the concentration of

Bt 2673°K, for py, = 10
nitrogen in molybdenum is<10'_3 ppm by weight. Vacuum
fusion énalysls confirmed the nitrogen conteht £o be
<1 ppm. The éoncéhtrations of O and N interstitial
impurities in the test specimens, verified byivacuum
fusion aﬁalyses, are shown in Table I. It can be seen
£hat the oxygen content of outgassed type A specimens
reduéed from 98 to 10 ppm, while the nitrogén concen-
tration decregsed from 42 to <1 ppm. Outgassing was
stopped after sixty hours since mass scans showed no
further reduction in peak levels during the last ten
hours of degassing. .

The goal in preparing samples with various
interstitial pﬁrityvcontents has been achieved. Speéi-
.méns with high'oxygeh and nitrogen contents, high
"oxygén and intermediate niﬁrogen.levels, and low
;oxygeﬁ and nitroéen impurities,'were produced with
sﬁccessolThese three t&pes of crYstals will be uséd to

observe how oxygen and nitrogen impurities affect the

- dislocation aynamics of BCC molybdenum.
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TABLE I

Interstitial Impurity Content™

Specimen Type#A 0 (ppm) N (ppm)
A .98 42
A-D . <lO‘ <1l
B-D ' " 96 20

* Impurity levels were determined by vacuum fusion
analyses. ‘

# Crystals are denoted by the crystal orientation
(A=<110>, B=<111>) - processing treatment (A=as
grown, using EBZR, D=EBZR+UHV outgassing)
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3.2. Etch Pitting Technigues

In order to study the dislocation dynamics
resulting froh impurity-dislocation interéction, it is
neceséary to empiéy etch pitting techniquesi It has 5een
found that both (100) and (110) surfaces of £he specimens
respond best and mosf consiétently when etched eléctro—
iytically in é solution of 12% sulphuric acid and 26%
hydrochoric acid in ﬁethanol solution. For convenience,
the same solution was used for electropolishing at a
voltage of 7 - 8 volts. After electropolishing for one
to two4minutes, the voltage was reduced to 2 -~ 3 volts
for etching. The amount of etching time required must be
determined carefully. The.number of pits incréasés with
time of etching until a maximum is reached, after which
the pits will only grow in sizg, Certain specific areas
.of tﬁe (100) and (110) surfaces were observed using
,opticai metallography. Their etch pit densities were
fognd as a function of etching £imé until no further
changes took place. The typical response for sample
A-8-A is shown graphically in Fig. 8. After 60 sec,

‘both surfaces showed no further increase in thé number
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" of pits. Thus, all specimens'ﬁsed‘for etch pit observa-
tions were étched for 60 - 65 sec before and after
.°étraining. Thé assurance that the etch pit density
remains constantﬂéftér.60 sec of etching is extremély
important because any increase in ?he number of pits
detected‘after'stfaining can now be att;ibutéd solely
£o‘mechanical‘deformatiqn ahd not the increaséa
response from prolonged etching.

| The etch pit densities of as—grown ana out-
gaééed(specimens are given in Table‘II. A reduction of
"'~50% in etch pit density results after 60 hr of ultra-
ﬁigh vacuum degassing. This is'true fér both E and S
surfaces. A direct one-to-one correlation between etch
ﬁit‘density and}disiocation density is seldom found
fér all etchénts. After extensive research; Prekel and
Lawley (IS):reported that only the';421$ planes gave a
one-to-one cofrespondence between etch pits'and |
dislocations when etched with dilute Mirakami's
solution. |

In this investigatibn,.the absolﬁﬁe numbef of

dislocations present is not of prime importance.



TABLE II

" Dislocation Etch Pit Densgities

'Specimen* : ] Plane ) Density (cm‘z)

A-6-A (100) _ 6.4x10°

(110) 1.6x10° ,
A-8-A : (100) 7.1x10°
‘ (110) . 1.3x10°
A-1-D - | (100) 2.2x10°
(110) 7.4x10%
A-2-D (100) 2.7x107
(110) 6.9x104

*Original crystals are denoted by the crystal type (A, B, C) -
processing treatment (A = as grown, using EBZR, D = EBZR + UHV
degassing). The number in the middle denotes the section cut
from the original crystal.

Le
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Rather, the relative number of dislocations generated
and moved during compression testing was to be observed
in detail. The etchant choseh is capable of etching
both (100) and (fio)‘type surfaces. Moreover, freshly
generatéd dislocafions were revealed effectively and
consisteﬂtly.

3.3. Determination of Modulus Defect'

As stated earlief, in section 2.6, it ié
eSsenfial to perform displacement calibrationslin order
to thain a one-to-one correépondence between compression
piate displacements and true specimen displacements.
Modulus data in this work were sténdardized‘by using a
large grain isotropic tungsten polycrystal of known
modulus and the machine stiffness Qas determined by
.uSing this set'of standard samples. In addition, the
lineérity of response from the machine was éhecked out
by combressing the tungsten carbide plates without any
samplé between them. It is necessary to ensure thét the
machine beﬁaves 1inear1y within the load range uséd for
- molybdenum tésting because of possible def;ections in

the load cell, push rod, ball bearing and various
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coupling~assemblies. Fig. 9 shows the machine stiffness
conetant as a funotion of loed which is‘level uo loads
of 12 kg. Beyond this point, the machine starts behaVing
i_in a non~linear manner. Such deViations from linearity
is probabiy due to machine stiffness effects. It must
be uoted} thet for thie asemebly, the‘machine has a
'dharacteristic range ovef Which its stiffness is inde-
pendent oéAload fof etfain Sensitivities iu tﬁe'range
~lx10~6.-(In the usual sense, for sentivities'~10-4,
this type of mechine would.be considered sfiff to its
ma#imum deSigned load ) Moreover, the machiue exhibits
zZero p01nt repeatabllity up to loads of at least 20 kg
(higher loads are not necessary for the present work).
This was also checked with the standerd isotropic tuug-
sten saﬁple and load independence was observed. The
machine modulus was then calibrated against these saﬁ—
ples. All othervmoduli in this thesis were standardiéed
'eimilarly.

iniuial moduli values of unstrained specimens of

various orientations and purity levels were measured.

Table III shows the typical initial relaxed moduli for
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different specimens used. The measured relaxed moduli,

Eps were compared to the theoretical values, Ep,

obtained from acoustic measurements of the compliances,

Sij's (23). For dubic crystals, the elastic moduli in

the three low index orientations are given by:—'

L =1 A i
Ejoo = 811 [4]
-1 _ _ _ ’ ;
E]1p = 813 - 2/4(S3; = S35 = %5,,)  [5]
-1 _ _ _ o _
CETY; = Spp - 2/3(81) - 83, - 3Sy) (6]

By comparing the measured moduli values to the dynamic
moduli, a certain reduction can be observed. This set
of daté is consistent with the measured moduli values of
tungsten, moiybdeﬁﬁm and iron, as measured by Meakin (4 ),
which displayed deviations Within the range of ~-10 to
2.5%. However, some crystals used in this investigation
were UHV outgassed in addition.to EBZR, thué giving a
highér % deviaﬁibn. The reasons for this will be

‘ discuésed in detail below when the effects of purifica-
tion , possible obstacles to.aislocation mdvement, and
etch pit studies are also correlated té relaXéd modulus

observations. The measured moduli of the outgassed

specimens deviated by ~13% from the dynamic modulus,



TABLE IIXI

:'Measured Moduli Values (as corrected)

Specimen Relaxed Modulus Dynamic Modulus . % Deviafion
Egx10-3 kg/mm2 Epx10~3 kg/mm2 ;
A-8~-A 29,15 31.04 - 6.0
A-1-D 26.92 31.04 ~13.2
A-3-D 27.10 31.04 -13.0
B-2-D 26.98 29.59 - 8.8
- C-5-A 35.47 36.42 . - 2.6

1€



while bnly a 6% deviation was observed‘fbr the as-grown
sample taken from the same initial crystal.

':fhé réductidn in méasured.moduli Qalues is
known‘as modulushdeféctf This is due to non;liﬁear
éomponents responding to the stress field of the sample
and has geen attributed to dislocation bowing in many
microstrain experiments (9, 24). Strain amplitudes used
in compression tesfing are large compared to usual
écoustic-measu;ements and a uniform stress is applied to
the solid where every aislocatioﬂ should respond to this
stress. Only a small part of the sémple is excited at
any one time during an acoustic experimeht when pulses
are sent into the sample. Also, there is no acoustic
beam divergence for mechanical tesfing since the stress
Aapblied'is ﬁniférm from edge to edge if the sample is
properly aligned, and did not bulée in any non—uniform-
Qay. Mathematically, the modulus defect is defined as:-—

Modulus defect = (Ep ~ Eg)/Ep = AE/Ep [7]
where ER is the measuréd relaxed modulus and ED is the
.dynamic moduius obtained from acoustic measurements.

The modulus defect should change when more and
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| m§re dislocatiéns afe brokenaway. The modulus defect

for twé aifferent types of saméles were studied, at
298%k aha 77°k, as a function of sffess amplitude, but
with totélly revéfsible strain to determine whether
mére'and more loops were brokenaway from pins instead of
only kink act;vated as the stress émpiitude was
increased. As can be seen fromlFig. lO,.both outgassed
and as-grown crystéls did indeed show a shift in relaxed
- modulus which decreased with increasing stress amplitude,
and finally saturated at'~l.26xlO4 kg/mm?once some
permanent strain was observed. This‘was not taken to
extremély large strains, but it did show that evéntually
enough loops were brokenaway. When all the easy loops
were brokenaway from impurify piné, the modulus defect

' saturated for tha£ given prestrain. The modulus defect
for these two crystals are plotted as a function of

A stresé in Fig..ll. For small stress amplitudes, out-
gassed samples have a much higher mecdulus defect than
as—grown'specimens. This is due to a fewer number of‘
pins presentvin the crystal lattice thus enabling

easier and more profuse dislocation breakaway. When

o ey i—— - B——— T i P T pr—— P et it s L4 e g = - ‘s - B . AR L, wghges T T crmpee g e AT s 48
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plasﬁic deformation occurs, both speciﬁens saturated
at the same modulus defect level because all the easy
ioops have brékenaway in both casés. Similar stress
amplitude debend;ncéé were obéefved for the moduli
values of outgassed aﬁd as-grown specimens at 77°K.

As an intermediate purity level comparison, the
modulus defect observed in an outgassed type B molyb-
denum séeéimen is Ehown in Fig. 11 on the same plot for
type A specimens. Type B-D speciméns haa approximately
tﬁe same level of oxygen impurifies énd ~50% reduction
in thé nitrogen content when compared to typeAA—A
- samples, thus they serve to act as an intermediate
purity level cgmpérison between as-grown and outgassed
crystals. fhe absolute magnitudes of Ep cannot be
cémpared because of anisotropy, since type A and type B
crystals have different orientations. Instead, théir.
,modﬁlus defect changeé were observed, therefore taking
,ihto account the initial values of Ep due to crystal |
:orientaﬁion. it can be seen‘that.tﬁe type B-D specimen
‘had'é higher modulus defect than thelés—grown sample

but a lower modulus defect than the outgassed crystal,until
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satufation §ccurs at higher plaétic préstrains. Hence,
both oxygen and nitrogen interstitials act as piﬁs to
dbstruct disibcatioﬁ 5reakaway énd the effect'of oxygen
impurities alonewis less pronouhced than when both |
:interstitials are present. The modulus defect observed
.for type C specimens,is much-lower, as can be seen from
fable iII. Although type C cryétals are EBZR, only one
zone-pass was performed, as opposed to three zone-passes
for t&pé A and B crystals.'Thus, higher‘substitutional
and interstitial impurities are present ana more
impedence to dislocation motion is evident‘ih the
higher relaxed modulus value measured. The dislocation
densities of all ‘crystals are of the same order of
magnitude, so the above-mentioned effec£ could not be
due to dislocation dénsitf changes.

3.4, Microstrain Observations

Some.typical load-unload traces are shown in-
'Fig. 12. Mechanical hysteresis loops cﬁfained are.not
parallelograms,  as reéorted by Meakin (4), but they
aré lenﬁicular and.similar to those found by_MéMahon‘

et al (21). This difference is due to the installation
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- of two diametrically opposed LVDT -transducers whose
signals'are added before being transmitted to the XY
recorder. Bending in the comp;ession plétes and other
components. of thé:loéd train can belcompensated by

using two LVDT's instead of one. The loops produced are

N ~

éimilar to thosé from capacitan;e transducers (25). It
éﬁould be noticed tﬁat the inifial_slopes of these
traces decrease wiﬁh increasihg stréss amplitude; This
shift in slope indicates that more and more of the
nétwork is contributing to dislocation bowing as‘stress
amplitﬁde is increased although
reversible étrain within sensitivity of ~2x10_7. At
sufficiently low stresses, the modulus defect is small,
this is in agreement with Meakin's analysis (4).
Initially, dislocation bowing is diffiéult, hence the
modulus is hiéh. As the streés amplitude is increésed,
'disiocatiohs are unpinned, ahd-the magnitude of Eg is
decreaéed. However, whéh a critical.stress levél is
reached, Eerémains more or less constanﬁ and saturation
'occursAas all the easy loops have brokenéwa? and

‘permanent plastic strain is then observed.
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The magnitudes of the elastic limit, e (streés
~aﬁp1itude at which the load-unload trace deviates from
a straight line) and.the anelastic. limit, aA (stress
amplitude at which thé hysteresis loép opens irreversibly)
bf type A crysfals are shown in Table IV. At 298°k, op
of the a$~grown specimen is more thén double that of the
outgassed sample while og is also reduced significéntly
by outgassing. Similar results are observéd fpr the low
temperature test. This set of data furthér confifms that
dislocatién motion and unpinning are hindered by inter-
stitial impurities. Moreover, aislocafion unpinning is
thermally assisted. For the same.temperature reduction,
the as—-grown specimen exhibits a larger increase’in
oR (4;2%) and GA(S.Z%) as compared to the 3.0% increase
ih.aE and 4.4% increase in g, of thgioﬁtgassed sample.
At lower tempefatures,-thermal assisfance is reduced,
ﬁhus additional mechanical stress must be applied fo;
dislocation breakaway. This is illustrated by{the
higher g_ and % values at 77°K.A

E

3.5. Obstacles to Dislocation Mction

It has been mentioned in sections 3.3 and 3.4

R ST TEIN ey o AT e




et s ettt o bs e’ O o L o ] s R B o

-

TABLE IV

Observed Elastic and Anelastic Limits

Specimen Temp. ©K o, kg/mm?
A—S—AL. 298 0.240
A-6-A 77 0.250
A;l—D 298 0.160
A-2-D 77 0.165

SR
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that the slope of the stress-strain curve shifts with
'stress amplitude. This gives some insight on the

breakaway process for dislocation bowing between strong

nodes in a way discuésed by the Granato-Lucke model (26).

A decrease in modulus is caused by_the breakaway of more
and more-dislocation loops. Some estimate on the number
and length of loops would be4helpful in identifying the
type of pinning mechanism involved.-Several physiéal
aSsumptions can be made:Al) that all aislocations are
unpinned, 2) that some are pihned'more strongly than

’ /
others, 3) that the nature of pinning is due to random
interaction or supersaturation pf solutes, and, 4) that
the modulus defect is solely due to some kink mechanism
and not interstitial pinning. (Fofest mechanism is not
' cénsidered important in BCC meéals (27, 28)). The last
assumption can ﬁe eliminated by the fact thét outgassed
‘and as grown crystals have dislocation densities- that
are different by a factor of two, for a reduction in
oxygenvcontent from 98 to 10 ppm and a decrease in

nitrogen content from 42 to <<l ppm. Moreover, at low

. stresses, outgassed specimens have a much higher modulus
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defect than as-grown samples, as mentioned in the
preceeding sections. Although kink mechanisms are not
solely responsible for modﬁius defect observations, the
internal friction of the BCC metal may be dependent.on
some type of kink mechanism. The first assumption can be
disproved by etch pit studies. Only a certain percentage
of pits was observed.to~move during straining and some
were retrapped. Rgfrapping.of dislocaﬁions has also been
observed for tungsten (29). Thﬁs, not éll of tﬁe disloca-
tions are completely unpinned.

In order to determine the pinning mechanisms
controlling initial dislocation movement, it is applicaF
ble to estimate the breakaway energy by using the
Teutonico-Granato-Lucke model (30).4The binding energy,
Ug s requifed for mechanical breakéwéy is given by:~

Ug ='05521 [8] :
where o is the breékaway stress, b is the Burgefé
ﬁector and 1 is the distance.between pinning points:
Whén saturation is reachedlin the amplitudevdependence
of the modulus defect, as.shown in fig, 11, all. the

loops that will breakaway from weak solute pins must

40
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must have brokenaway. That:stress 1evel:will bé taken as
oo the breakaway stress required for ﬁnpinning of all
the easy sources. Eof example, if oxygen is the pinning
agent, various as%&m§£ions can be made as to where the
~oxygen is’in the féttice. The actual location of oxygen
on a dislocation site in a bulk specimen like this has
never been found, so an élimination process of the
different éossibilities must be made.'Perhaps further
development in FIM studies or other more sophisticated
experimental techniques will give a better idea of the
saturation ratios between the lattice and theAdisloca—
tion line.

Assuming oxygen to be fully reéponsible for
pinning in the as-grown samples, for a random distribu-
tion of 98 ppm'by Qeight of oxygen, the binding energy
is found to be 0.47x10”1 ev. If all the oxygen molecules
are sifuated on dislocétion 1ines (i.e. full saturation),
the value of U, is O.47x10_84eV. (Sample calculations
of U, are shown in the Appendix.i‘The reason for the

large decrease in binding energy found for the case when

all the oxygen molecules are on dislocation lines is

41
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explained hy the Teutonioo-Granato;Lucke,model (30). As
the loop.length decreases,ythe-stress should have risen
for breakaway,'hut'in the present calculations of Uér
the;stress is tahen_to be constant while the looé'length
is allowed to~he:the tree variable,'thus Uo:would.
deerease with decreasing length l.:' o
~Comparison'of-the hinding energies calculated

above w1th the value of ~0 1 ev, determlned by Glbala et

al (31), from 1nternal frlctlon measurements in the~Mo—O ,

system, 1nd1cates that the model of nearly random inter-

stitial solute~pinning is consistent w1th the observed-

results.‘The longest distance Dbetween pits, found from

etch plt studles,lls 0. 005 cm. For a blndlng energy

~0 l eV ‘as reported by Gibala et al (31) ‘the value of
1 should be" 8 Oxlo 4 cm., Thus, each loop may have ~8
plnnlng p01nts, and the number of oxygen molecules

taklng part in the 1n1t1a1 breakaway is 8 - 50x108 cm-3<

compared to- the total concentration of l.88x1019 cm™3,

Therefore, unpinning was achieved by breakaway of all

- the weak solutes, which is only a'small fraction of

the interstitial impurity content, and



-~ further shows that not all the dislocaﬁions are unpinned.’

Typical etched (100), E, and (110), s, surfaces
of as—é:own agd outgéssed typé A specimens photographed
' before and afterngtréining are éhown in Figs. 13 - 16.
The number of pits generated ;nd hoyed during ﬁechanical
deformation is éompared to ﬁhe originél etch pit distri-
bution before testing. The variations of etch pit
density with plastic strain for various specimens are
shownvgraphically in Fig. 17. Both E aﬁd s surfaces
displayed an increase in etch pit density with increase
in plastic strain. A similar behavior of streés depen-
~dence is.shown in Fié. 18..Althoﬁgh etch pit densities
of both E and S surfaces increase with streés and strain,
plots for E surfaces are différent in sloées thaﬁ those
of S surfaces. This shows £hat the number éf edge
dislocations increases tremendously with the first sign
of plastic strain whilé screw generation is insignificant.
For higher values of stress and strain, exhaustion of
eage dislocation éenération' is 6bserved, but a much

higher number of screw dislocations is produced. The

»edge dislocations are exhausted, while screw dislocations

43
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. catch up in number. Thus, in the microstrain region,
edge dislocations are predominant in controlling the
flow stress uhtil.exhaustion occurs.

The percéﬁtage of dislocations gengrated and
moved in the outgassed specimens are more, in all cases,
than in the as—gfown samples. This‘shows that intersti-
fial impurities, suéh as oxygen and nifrogen, act as
dislocation pinning sources, thus strengthening the
metal. Less dislocations are generated and less movement

is observed for the crystal with a higher interstitial

’

contént althcugﬂ these specimens are cut from one
original crystal and are of comparable initial disloca-
tion densities. The teﬁperature dependence of this )
interaction is demonstrated by the lower number of
dislocations being generated at 77°K. Similarly, fewer
dislocations have moved becaﬁse thermal assistance in
dislocation unpinning is less effective at 77°K.
Disiocation repinning is observed ffequently (56%) in
.the as-grown samples, but very seldom: (7%) noticed in

‘'the outgassed case. Unpinned dislocations of the as-

grown samples are retrapped by the interstitial



"impurities.

The plastic strain, tp

can be expressed in
'ﬁerms of the humber'of dislocatiéns( N, the burgers
vectqr, b, and tﬁé dislocation length, 1, by:the plastic
strain law:-
cp = D1 © [oa]

iy = Nbl + Nov [9b]
From this investigation, it is‘observedvfhat both dislo-
c5tion generationAand"métioh-aid in producing plastic:
stfain, Average dislocation velocities are calculated
by dividinglthe farthest distance moved by dislocations
ffom their original positions in the unstrained specimen
Aby the loading time. Loading times were measured by load-
fime curves that were piottea by a two-channel recorder -
dﬁring 1oad-qnload cycles of.mechanical feSting. Loading
times are in the order of ~15 sec. The calculated values

, A
of dislocation velocities, v, are tabulated in Table V,
and are shown graphically as functions of plas£ic strain
and stress aﬁplitude, in Figs. 19'and'20 respectively.
"Values_of v reported in theAliterature (32) range from

5 3

~10"" to 10~ 2

cm/sec for resolved shear stresses ~0-2 kg/mm
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Observation of Dislocation Velocities

TABLE V

Specimen| Temp. Ok | Surface r*, kg/mm2 Calculated v, Reported v, (32)
‘cm/sec cm/sec
A-8-A 298 B 1.64 1.1x1073 ~5.0x10™4
S - 4,0x107° . -
A-6-A 77 E 1.72 i.sx107% -
S ‘ 3.2x10-6 -~
A-1-D 298 B 1.58 3.0x10~3 ~5.0x10"4
S 5.0x107° - i
A=-2-D 77 E 1.60 2.3x10™4 -
s 4.4%x10~° -

oF
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. . * . .
For type A crystals, the resolved shear stress, 7 ~0.420,

and the values of v calculated in this investigation

. " N . . *
compare well to thqse of Conrad et al (32) for the same 7 .

It can ke seen that velocities of edge disloca-

tions are much higher (by ~2 orders .of magnitude) than

those of screws at both tést temperatures. Also, disloca-
tion velocities, both edge and screw, are faster for
outgassed crystals than as-grown samples, This illustrates

that interstitial impurities act as dislocation pins and

hinder dislocation bowing. When more plastic strain is

produced, the velocities of dislocations in both samples.
have approximately the same magnitude. This occurs when
all the easy lbops have brokenaway and is consistent with
modulus defect observations mentioned in section 3.3;
Hence, in the microstrain region, dislocation bowing is
governed by the fast movement of edge dislocations which
may be pinned”byxinterétitial impurities. Dislocation-

movement was observed to occuf on ;110&<111>>for both

iE.and S surfaces.




84. CONCLUSION

O#ygen énd nitrogen impurity levels in three-
_ﬁaés EBZR molybdenum single ¢ry§talshhave been reduced,
from 98 to <10 ppm aﬁd 42 to -sﬁl épm; fespectively, by
"UHV putgassing. Disiocatibn dénsitieé measured on both
the (lOd), E and (llQ), stidé su:faces of compression
éamplegléfe redﬁcedveSO% by this burification. Deter-
miﬁation of médulus defect shows a 6% reduction'for‘
as—grbwn crystals aﬁd a 13% decrease fof‘qutgassed
samplés at low stress levels. The differeﬁée in modulus:
defect is attributéd ﬁo dislocation pinning by inter-
stitial impurities.”When some prestrain is obéerved at
a higher stress level, the modulus defect saturates,
and all fhe easy dislocation loops have brokenaway. Due.
to impurity pinning, the stress amplitude at which
perménenﬁ élasﬁic strain is bbserved, cp, and the stfess
amplitude at‘the beginning of dislocation'bowing, TR,
-'afe hiéher for samples of higher iﬁterstitiél impurity
content. At 2989K, op for a typical high interstitial
conteﬁt specimen is more than doublg that for an UHV '

pﬁrified sample.

48



i A st 1

49

Caléulations of aislocation loop length ,based
on the Teutonico-Granato-Lucke model aﬁd Gibala's value
for Up, show good agreement fof a ranaom sélute inter—
aqtibn moael.ﬁithuaﬁ i v%lﬁe of ~8x10f4cm,'which is‘.
consistent wifh tﬂe‘étch pit dyhamics“observea ih the
present experiments, Adaiflénal etch pit observations
proved that only a ‘:cerfain'fra(:tion,gl%, 6f t};'g.gromin

dislocations are‘unpinned. Dislocation velocities on the

- (100), E and (110), S side surfaces are found to be in

the range 10”6 to 10;3 cm/sec and are functions of
plastic étrain ;nd stress ampiifude. SimilarA$£ress and .
strain dependencéﬁ are observed in dislocation densities.
From comﬁarisgns onAthéhénisdfropy in generation ané
hotion of dislocatiéns on (100); E and'(lloié's suff%ces,
it ﬁas.beeﬁ-shdwn that edge dislocations are predomiﬁ;nt.
in the microstrain.fegion. However,.as the maérost;éin
region is approached (i.e.,-strains 1074), the grownin
edge segments afé e#hausﬁed and screw dislocations

become dominant in dislocation generatidn and mobility.
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53.

APPENDIX o

’Sample calculations of the distance between
interstitial impurities and the binding energy, U,, are
given below: -

Assuming ‘that oxygen is the impurify responsible for
pinning, and for an oxygen content of 98 ppm, since
ﬁhe density of Mo is 10.22 g/cm3,

10. 22§9 .8x10~5 g

Weight of oxygen in 1 em® of Mo
' 1x10

o

Avogadro's number, 32 g O 6.02x1023 molecules

Therefore, number of 02 molecules per unit volume of Mo
= 6.02x1023x1073/32 cm™3
= 1.88x1019 cm-3

If 0, molecules are randomly distributed throughout

cfystal;

Distanée Eetweén Oy molecules =(l.88x101-9)"1/3 cm
1 = 3.76x10"7 cm

Binding energy Ug = aabzl

For Mo, b = 2.73x1078 cm

0o = 2.68 kg/mm2 = 2.68x102 kg/cm?

U, = (2.68x102) (2.73x1078)2(3. 76x10-7) kg-cm
= 7.5x10720 .kg-cm :



= 7.5x10722 xg-m
7.4x1072% 5
_0.47x10“l ev

. or, . Ug

If 0, molecules are totally on dislocation lines

5

Dislocation density = 7.05x10° cm/cm3

1l

Density of O, molecules 1.88 moiecules/cm3
Therefore, no. of 0, molecules on a unit length of

dislocatiqn line = l 88x1019/7 05%x105 cm~1
: ‘ 2,66x101 /cm

Il

Distance between O, moleéules

(2.66x1013) -1 cm
3.75x10-14 ¢m

1

Binding energy Ug Uobzl

(2.68x102) (2. 73x108)2(3 75x10~14)
0.47x10-8 . ev .

<
1O
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Figuré 1
Orientation of cbmpression axis of type A
crystals. Glide plane, edge (E), and screw (S)

surfaces are also shown.
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‘-Eigure 2
(a) Top view of tungs£en_carbide poiishing disk, arrow
shows molybden@m specimen held‘with some crystal
bond. |
(b) Side view of polishing disk,arrows indicate specimen

ends showing on either side.
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R

Figure 3

Schématié of compression plate held to cross-
head of»instron testing machine by hollow evacuated
;age supports (A). Micrometers (B) are attached to
LVDT cores and are used for displacement calibrations.
LVDT's (C) are embedded in'the étainleéé steel compres-
sion plate and their signals are ﬁransmittéd to a
Déytronic input module. Loading 1is accompliéhed via a
stainless steel push rod (F), aliénment ball (E),
stainless sﬁeel loadiﬁg plate (D) and tungsten carbide
plates (G). The specimen (S) seaﬁs between these-

carbide plates.
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Figﬁre 4
Scﬁematic of thé microstrain recording system.
Load signéls from fhe load Eéil are amplified in the
Ihstron's internal electronic system and transmitted

to the Y channel of a Moseley XY recorder. Displacements

»

are measured by two diametricallonpposed LVDT's whose
signals are transmitted to a Daytronic input module,

summed and relayed to the X chénnel of the XY recorder.
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Figure 5
Typical mass scans obtained during different.
stages of UHV outgassing at 2673°K. Note the variation

in heights of the 0}, N

57 and HOH' peaks.
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‘Figure 6
. | + :
Variation of the O2 partial pressure as a
function of total outgassing time., Partial pressures
. were read from mass scans typical of those shown in
Figure 5. Teuwperature of the electron beam furnace

reached 2673°K at 0 hr and furnace was turned off at

60 hr.
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Figure 7
1] L + L] ‘
Variation of the N2 partial pressure as a
function of total outgassing time. Partial pressures

were read from mass scans typical of those shown in

' Figufe 5. Temperatufe of the electron beam furnace

reached 2673°K at 0 hr and furnace was turned off at

60 hr.



68

10-6

4
~
|
Q

_
T
Q

© . (¥¥oL) 3unsS3¥d iLdVd IN

[Ill"l{‘
~ o
e

60

20 30 40 50

10

TIME (HOURS)

FIGURE 7



. 69

Figure 8
Typical etch pit density variations. with

inéreaéing etching time. Response for both- (100)

~and (110) faces are shown.

N
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— e e e

‘Figure 9
The machlne stlffness constant is observed to
be linear with 1ncreasing load untll 12 kg when it
starts to dev1ate from 11near1ty. No mechanical data

reported in this'thesis is taken beyond this load.
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Figure 10
Relaxed.moduli variations with stress amplitude
for as-grown and outgassed samples., Note'Safuration-‘~

occurs at approximately the same level for both samples. .
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Figure 11
Modulus defect, AE/Ep, as a.function of stress

amplltude, for three specimens of dlfferent purity

 levels: hlgh oxygen and nltrogen content (A- 8—A), hlgh

oxygen and low nitrogen level (B-2—D), and low oxygen
and nitrogen impurity (A-1-D). Note defect saturates

at approximately the same level in all three cases.
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figure 12 -

Typical.load-unload traces. The ihitial slope,
the relaxed modulus, Eﬁ, shifts with incréasing stress
unﬁll saturatlon éccurs when some plastlc straln 1; ,
observed for sensxtiv1ty'~lx10 6. Values. of °E - (stress

amplltude at which the load-unload trace”deViates-from

"a straight line) and 0A (stress amplitude atAwhich the

hysteresis loop opens irreversibly) are also shown.
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(a)

Figure 13

Typical etch pit dlstrlbutlon of E surface of an

. unstralned as-grown sample

(b)

Change in etch pit distribution after a plastic

strain ~1x10"% was observed. "New pits are

circled and are observed to move in {llO}<L11>.

The compression axis and the {110} trace are

- indicated.
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(a)

(b)

Figure 14
Typical etch pit distribution of E surface of an
unstrained oﬁtgassed specimen. Note fhe lower
density compared to that of the as-grown case
shown in Figure 13, | ’
Change in etch pit distribution after a plastic
strain ~1x10"° yas observed. "New pits are
circled and are observed to move in {110}<111>.
The compression axis and the {110} trace are

indicated.
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(a)

(b)

Figure 15
Typical etch pit distribution of S surface of an
unstrained as-grown specimen. Note the lower
density of screw dislocations compared to edge
dislocations as shown in Figure 13.
Change in etch pit distribution after a plastic
strain ~1x10"% was observed. "New" pits are
circled and are observed to move in {110}<111>.
The compression axis and the {110} trace are

indicated.
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(a)

(b)

Figure 16
Typical etch pit distribution of S surface of an
unstrained outgassed specimen. Note the lower
@ensity compared to the as—grown'case in
Figure 14.
Change in etch pit distribution éfter a plastic
strain '-7-1x10_6 was observed. "New" pits are
circled and are obser;ed to move in {110}<111>.
The coﬁpression axis and the {110} trace are

indicated.
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Figure 17
Va;iation of etch‘piﬁ densities with plastic
Strain for outgessed and as-grown samples tested at .
298°K and 77°K. Note the different den51t1es observed

on E and S surfaces and the hlgher percentage increase

‘of pits for the outgassed samples.
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Figure 18

Variation of etch pit densities with stress

amplitude for outgassed and'as—grown samples tested

at 298°K and 77°k. Note different den51t1es observed

for E and—S surfaces and outgassed and asfgfown crystéls.
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Figure 19
Dislocation velocities on E and S surfaces
for outgassed aﬁd as-grown specimens as a functionrof N
perﬁanent‘plastic stréin for test temperatures«77°K
and 298°k. Velocities of edge ana screw dislcétions of
outgassed speéiméns are faster than tﬁose of aé—grown

samples.
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» ‘ Figure 20

Dislocation velocities on E and S surfaces for

outgassed and as-grown specimens as a function of stress

amplitude for test temperatures 77°K and 298°K.

Velocities of edge and screw dislocations of as-grown

specimens increase at a fast rate with stress

A

amplitude.
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ADDENDUM

It has been.fouﬁd that oxygen ato@s, instead of
molecules, are present in molybdenum as interstitial
impurities. ihe éalculafions on page 53 should be:-
Avogadro's number, 16 g O = 6.02x10%3 atoms

Number of 0 atoms per unit volume of Mo

6.02x1023x1073/16 cm™3

3.76x10"° om™3

>If 0 atoms are randomly distributed throughout crystal,
Distance between O atoms = (3.76x1019)—1/3 cm
3.0x10-7 cm

Then, the binding energy U = 0.4x10™" eV -

1

it

If O atoms are totally on dislocation lines,

U, = 0.25x10-8 ev





