™

SR (I

S

STRAIN AGRING IN ALPHA-TTITANIUL

A. 5. PEARCE
B. Applied Science (4del)

A thesis submitted for the degree of Naster of Applied
Science in July 1973. The investigaticon was carried out
in the Materials Science Group, Chemical Engineering

Department, Universzity of Adelaide.




N
.

YABLE O CONT

LTS

SUI‘EJTIA.I{Y om0 e 9 en0ea0 e e
DECLARATION seveeecoacs
ACKNOWLEDGEIENTS evseas

INTRODUCTION ceeeeeceen

1.1 Strain ageing mechanisms

1.2 Slip systems in zirconium and

1.% Present WorK .eceoos
EXPERINENTAL 4ecooossan
RESULTS e & ¢ 9 O © 9 O » & 6 & O oD

3.1 llechanical tests ..

*

3.2 Electron microscopy ..

3.3 Burgers vector analyses
DISCUSSIOJ‘-\T . & 2 5 5 & &0 e OO0 200 %O
CONCLUSIOHS s-cvecvacoscscccn

BIBLIOGRAPHY coecocoocscssoon

APPENDIX I: Preparation of 3mm disk electron

¢ a ® 8 00

i tanium

6 0 2 0 ¢ 0 o

foils at subzero temperatuvres.

APPEEDIX IX: Automatic

projections.

APPENDIX III: Analysis ¢f burgers vectors in

*
*
e

3

.

.. Ha

® e 24

.. 46

oo 47

L4
L
\J1
N

L)
*
i
(@)

micre

vlotting of stereogradhic

L

“e e

[~ Vel
1D \Q

i




DECLARATION

fhis thesis contains no material which has been accepted
for the award of auy other degree or diploma in any
university, and to the best of the author's knowledge
and belief the thesis contains no previously published
material ox that written by any other person except
where due reference is mada or conmon knowledge L

aggsumed.,




A UTOT T

TP L AN T
AU 0 L and b

Che auntior wishes to thank Profesgsor D. R. Hiller,

nis supervisor, for his help during the work.
Particular theanks are also due to iir. G. Wood for uis
critical appreisal at various stages and to Lr. B. Ide
for his assistance in the design and maintenance of

eouipment and the preparation of specimens.



1. LifalGDUCTION

mitenium and its alloys are gairing ever increasing
invortance as structural materials, especially in the
aerospace industry. It is important therefore to have a
thorough undersitanding of the vesuviour of these mat-
erials through their sexrvice temperature range - ubd to

600°c. (Antony, 1965)

liany workers have observed ancmalous benaviour in
this temperature range. Rosi and Ferkins {1953) in
expericents on fine grained, commercial purity titaniua
ovserved. discontinuous yield points on initial strain
in the range 100° to 300°C and serrated yielding in the
range 4509 to 650°G.

Churchman (1955} using titahium single crystals
containing 0,01 wip oxygen observed no discontinuous
yield poin%v on initial strain. Specimens contaiuning
0.1 wtp oxygen, however, did exhibit en initial yield
point, If these specimens were immediately resirained
a smooth continuous stress/strain curve resulted.
Annealing at 180°C for two hours was sufficient to
reintroduce a discontinuity on restraining. Poly-
crystalline specimens of 99,355 purity and 25 gqains/mmz

grain size exhibited a discontinuous yield point at test



temperatures groater than 90°Uo

Santhanam and Reed-Hill (1970} using commercial
purity Hitanium of 16 microns grain sige found evidence
of dynaﬁic strain ageing manifested as a work hardening
veak in the temperature range 225° to 3259C. Senthanam
et al {1970, working with the same nmaterial as the above,
observed whatlthey described as "nocn-ideal' behaviour
of trensients during strainmrata;change experiments in

the range 300°.to 400°C.

Turner and Robents (1968) in experimentis on commer-
ciel purity viteniun - grain size 1000 to 1500 grains/mm?
- reported discontinuous yielding in the femperatures
range 100° to 450°C. They also found Imder's bands in

the range 400° to 450°C.

iones and Conrad (1969) carried out a2 series of
room temperature experiments on both commercial purity
and lodide refined titanium with grain sizes ranging
from 0,8 40 30 microns., Commercial purity alpha-titanium
exhibited discontinuons yield points on initial strain
irresgpective of grain éize, whereas in fine graioned
iodide titenium only yield plateaux tnce yield drops)
were ovtained. Courge grained speecimens {28 -microns)

exhibited no yield prencmena at all on ianitial sirain.
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varde et al (1972) again using commercial ourity
and iodide refined apecimens, found similar results up
to 500°C, In experiments on high purlity titanium, Jones
and Cenrad (1968) described a etrain hardening pealk in

A

the range 125° to 375°C

Anomalously low creep rates in commercial purity
titanium in the temperature rangs 200°¢ 4o 400G have
been reported by Cuff and Grant (1952} and Iuster et
al (1993). Other workers have alsce reporied behavioux

congistent with strain egeing {(Baird, 15971).

From the abovse it ig obvious That strain ageing
plays an important role iun the mechanical behaviecur ¢X

alpha~titanium in its service lLemperature rauge. The

have been generally interpreted in terms of a relalively
weak interaction beitween intersititials , particularly
oxygen aund nitrogen, and dislocaticns {(Rosi aund Perkins,
1953: Turner and Roberts, 1968; Baird,1971). It has

been shoewn however that the interactiocon belween intexr-
stitials and diglocations is very weal; indeed i% has

>

teen suggested that the hardening effect of

e

titialsg

m

<

‘.‘.;ﬁ i 6:‘1 Ly

£

-

arises from the necessity to force the solute atoms out

of the path of the mobile dislocation core (Iyscn, 1967,

1968}, Diffusion studies of ¢ and N in titanium have
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shéwn good correlation.with the activation energy of
the above hardening process, Paeking this into account
with the fact that in high purity alpha~titanium some
prior deformetion is necessary ©o produce a yield dis-
ccntinuity in other than fine grained specimens {(Churchman
1655; Jones and Conxad, 1969}, it would appear that
dislocation-dislocation interaciions may also be involved.
It has becen reported that there is a tendency for
titanium to form cellular dislocation arrays, even when
strained at room temperature {(Jones and Conrad, 1969).
Since in such a substructure there is likely to be sig-~
nificant dislocation-dislocation interaction, invest-
igations were conducted to determine if these interactions

might play a role in the observed strain ageing phenomena.
1.1 STRAIN AGEING IECHANISLS

As has been shown elsewhere (Paxrtridge, 1967;
Tyson, 1908), there exis’t extensive similarities between
the physiéal and mechanical properties of titanium and
zirconium. Indeed Tyson (1968) in investigations into
the efféct of interstitials on the mechanical properties
of titanium called heavily on the data for interstitial
_hardening in zirconium. In this investigation also an

atfempt to explain the behaviour of titenium will be
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made in thé light of results obtained with zirconium.

i.any workers have reported discontinuous yielding
in alpha~ziréonium (Treco, 1953; Keeler, 1955; Reed-HHill
et al, 1969; Ranaswami and Craig, 1967; Bedford, 1S70).
These phenomena were generally observed over the temper-
ature range 200° to 400°C. The nature of the yvielding
behaviour and its thermal dependence are shown in figures

1(a) and 1(b) respectively.

Similarly, anomalies have been observed cver this
same temperature range in the creep behaviour of zir-
conium and its 2lloys (Holmes, 1964; Fidleris., 1968;

Rotsey and Snoﬁden, 1971).

“Although discontinuous yield points have been
reporied for alpha~girconium in bthe fTemperature range
200° to 400°C, one of the characteristics of the better
known Fe/C or Fe/N systems, namely the occurrence of a
sharp initial yield point which reappears after ageing,
is not otserved with the close packed hexagonal metals
aud alloys. This suggests a significant difference
uay exist between the strain ageing mechanisms in the

re alloys aand the c.p.h. ones.

Rotsey (1970) and Bedford {1970) have suggested
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that a discontinuous yield point im zirconium occurs
only in specimens in which straining, ageing and re-
straining are all carried out at a temverature in the
rarige 200° <o 400000 From transnission electron micros-~
Co By studiéé of thin foils treated in this'wayi Bedford
reported that specimens strained and aged in the sgtrain
ageing temperature range were characterized by the

" presence of a well defined cellular substructure. Tae
cell walls consisted of dense dislocatiocn tangles while
the cell interiors were virtualliy devoid of 'free®

édislocations.

Specimens strained less than 10% at room temperature
or comparable strgins at temperatures below the strain
ageing range did not contain these well defined cells.
Those strained at temperatures above 400°C, while
exhibiting a celluiar substructure, contained many free
dislocatiouns in the cell interiors. Consequent upon the
findings of Bedford {1970} and his co-workers (Bedford

et al, 1972) the following mechanism was suggested.

X 5 o s 0
During initial strain in the temperature range 200
to 350YC dense dislocation tangles are formed resuliing
in a cellular substructure. A4s ageing proceeds these celd

wzlls become more firmly established; also interstitial
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atoms (oxygen) diffuse to the dislocation tangles
further stabilizing the structure. Being a long range
three~dimensional structure the dislocations are strongly
locked in the cell walls. On restraining the specimeuns,
the dislocations remain locked: when the upper yield point
is Teached new sources come into operation resulting in

a sharp yield point.

bedford explained the relatively narrow temperature
range over which strain ageing is observed as follows.
Specinens strained below 200°C did not exhibit a cellular
substructure. Fuller (1971), using internal friction
techniques, showed that at‘these tenperatures oxygen has
& jump time of greater than 10000 seconds. Therefore
effective atmospheres do not foxm. At temperatures
greater than 400°C free dislocations abound in the cell
interiors so dislecation-dislocation interaction locking
is much diﬁinished. Also at these temperatures oxygen
atoms have a jump time of less than 0.1 seconds, therefore
while oxygen atoms readily diffuse to the dislocation
cores, the dislocations are easily unpinned by thermal
fluctuations. In both cases the criteria for discontinudus

Yielding are not met.

liore recent work by Jood (1973) has pecessitated

some modification to the above hypothesis. Wocd has found
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that specimens strained at room temperature will sub-
seguently exihibit a discontinuous yield point if they
are aged and restrained in the strain ageing temperature
range. Fuller (1971) showed that during ageing the mean
free diélocation length decreased and he interpreted
this ih terms of a decrease in dislocation density and
én increase in pinning points. Stress relaxation studies
(%ood, 1973 further demonstrated considerable disloc-
ation motion during ageing. Since dislocation rearrange-
ment occurs during ageing, and since Wood was able to
demonstrate strain ageing effects in specimens which
did-not develope cells on initial strain, it is con-

ceivable that some cell formation occurs during ageing.
1.2 SLYIP SYSTEiS IH ZIRCONYUL- AND TITANTUHM

In view of the similarity of these two metals one
would expect them to have the same slip systems operat-
ing during deformation. The respective slip systems are
shown in Table I. Williams and Blackburn {1968, have
reported dislocations with 4123, type burgers vectors
in titanium, although Bedford (1970) has cast some doubt

on their observations.

This coincidence of deformation modes lends further



Table I: Slip Systems in o~Ti and oa-4r

14.
(3}

Metal Axial Ratio Slip Systems . Remarks

Titanium 1.587

Z2irconium 1. 58

1, Bedford, a.J,

2, Honeycompe, R.W.

"{0001}<1170> Room temperatuxe

{0001}<11%0> More common in
impure metal{3}

{1To0}<11%0> Principal slip
systam

{1701 1<1190> 33l ten@ﬁraﬁur@ﬂ'

. . {
Tr impure metal "

P

}

{

ia

{1700 }<1120> Prinecipal slip

systam
(3}

{3

{1T01)<11%0> Low ox high temp

{1%¥223<131732> Low or high temp

Ph,n. thagis (19270} Univexrsity
of Adelzide.

Daformation of Metal Lrystals,

3, Yoo, M.H. and Wei, Cole. & J. ApPp. Phys.,38,01967; ,4317
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weight to the proposal that the strain ageing mechanism
postulated for alpha-zirconium may well be operative

in alpha-titaniunm.
1.3 PRLSERT VORK

The present work was undertaken to determine if
the above proposal - that the strain ageing mechanism
postulated by Bedford (1970) is operative in be th
zirconiwn and titanium -~ is in fact a valid one. Vhile
making this.cOmparison the following should be borne
in mind. Although these two materials have very similar
axial ratios ~ titanium: 1.5873; zirconium: 1.593
. (Partridge, 1968) ~ there is a 10% difference in the size
of the octahedrzl holes (titanium having the smaller)
which are the interstitial sites {Tyson, 1967; Churchman,

1955),

Although it was shown earlier that interstitial-
dislocation interactions are not solely respounsible for
the strain ageing effects observed, nonctheless they do-
have some influence on properties. It 1s %o be expected
therefore that while titanium and zirconium should ex-
hibit the same general behaviour, there would be some

differences in detail.



-
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2. BXPERLMENTAL

fhe material used was electrolytie titenium from the
U.S. Bureau of Mines, with the nominal chemical ansalyeis
as shown in Table II. The desired quantity ¢f the
material, in granulated form, was first compressed into
a biscuit and placed on the hearth of an arc melting
furnace. The furnace was evacualed until toe pregsure
was less tonan ‘]O“'3 mm Hg absclute, then flushed several
times with dry argon. leliting was carried out under 4ry
argon at 80 mm dg absolute pressure., 4ny residual ofygen
and nitrogen were remcved by getitering with molten

irconium for at least 30 mirutes pricr to melting the

t?

titanium.

The titanium was nelied at least three times to
engsure complete fusion and homogeneity. The button thus
ohtained wasg wolled inte a cigar shape amenable 4o
further deformation by sweging. This slug was chemically
pOlished*% and then annealed under a dynamic vszcuum of
better than 107 =2 tore at 75070 for 30 minutes prier *o

0
being cold swaged into & rod 5.7¢ mm in dlismeter. From

e -3

¥
Chemical polish: 7.5% HF, 46.25% HND,, 46.29 H?O
~ -
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LABLE II: Nominal Analysis of the lMaterial Used as

Supplied by the U.3. Bureau of Mines.

Oxygen Q. 030%
Carbon 0.015%
Nitrogen 0. 005%
Chlorine 0.15%
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this rod round section tensile tegt pieces were machined

with dimensions as shown in figure 2.

These sbecimens were chemically polished and ann~
ealed at 75000 for one hour, again under a dynamic vacuum
of better than 10~° torr, to produce a uniform structure
of 35 micron grain size as determined by the linear
intercept methodl(Gifkins, 41970). The final equivalent
oxygen content, determined Irom hardness tests {Antony,

1965); was nominally 500 ppm (see figure 3).

Short time tensile tests from room temperature to
350°C were conducted on a hard tensile machine which
has been described elsewhere (Wood, 1973). All tests
were conducted in a dynamic vecuum of better than 10"5

torr, and at a strain rate of 4.17 x 1074 per second.

whe dislocation arrangements correspending to
various specimen treatiments were determined by trans-—
mission electron microscopy using a rhilips EN200
electron microscope. Transverse disk specimens wexre cut
from the gauge length of each tensile test piece by
spark machining. rhese disks wele then chemically pro-—

_ filed using the method of Rice et al {1971), prior to

the final perforation which was done electrolytically.



Pigure 2: The tensile test specimen used in the

present work.
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the final polish was automated using a modifigation
of the method of Smialek and lLiitchell (1971). These
authors devised a technigue whereby the specimen to be
perforated was illuminated by a low power helium-neon
laser beam. 4 photoelectric detector, placed on the opp-
osite side of the specimen to the laser was connected
into the power supply of the polishing cell in such a
way as o sﬁitch off the polishing current at the moment
‘of perforation. A laser was chosen as the light source
as it provides an intense, well collimated beam, When
the above method was used at the sub-zero temperatures
required for the satisfactory polishing of titanium,
it was found that thermal variation of the sensitivity
of the photcelectric cell and the formation of frost in
the light path rendered the techanique useless. To over-

come these difficulties a new polishing cell was designed.

This cell, shown in figure 4(a), consists of a
pyrex glass polishing chamber into which two light
guides (made of pyrex glass) and 2 stainless steel
cathode have been embedded. In a&dition an inlet and
outlet have been provided so that the electrolyte (6%
pérchloric acid, 36% n-Butanol, and 58% methanol, cooled
to -60°C in a reservoir using & solid €O, /methancl

freezing bath) is pumped through the cell and returned



(a) The polishing cell (without nasking)

(b) Specitien mounted in holder with shield



SHIELD

V4
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to.the reservoir. The electrolyte is raised to the
required temperature (-35°C) by passing it through a
steinless steel tube wound with Kanthal and coupled to
a Zurotherm stepless proportional controller. Temperature
is measured with aun iron/constantan thermocouple placed

at the inlet to the polishing chamber.

Althougn the cell is shown with the shrouding removed
it is in fact covered over with the exception of a window
provided for aligument purposes, to prevent stray light
from reaching the detector. kultiple refléctions within
tne cell were eliminzted by shielding the specimen as

shown in figure 4(b).

Lo assist with the interpretation of electiron
micrographs, stereographic projeciions for titanium were
Prepared using a computer program derived from that

published by Stokes et al (1968)., (See Appendix II)
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3. . AESULTY

he tensile test pieces were given a 35 plastic pre-
strain. fihe load ‘was then reduced to that equivalent to
half the 3% flow stresa for 1000 seconds, after which
the specimens were given a further 3% plastic strain.
Each specimen was given the atove treaiment at a counstant
temperature within tﬁe range 17° +o 350°C. Stress/strain
curves are.shown in figure 5; at no temperature was an

initial yielding discontinuity observed.

At temperatures beiween 100° and 200°C an increase
in flow stress was obtained on restraining. Specimens
tested from this temperature up to 350°C (the highset
test temperature used) exhibited discountinuous yield
 points aiter ageing. If figure 6, whexrein the temperature
variation of’the lower yield stress is plotted, is com-—
paréd with figure 1(b) it can be seen that titanium and
sirconium behave in essentially the same manner in this

regaxrd.

Figure 7 shows the temperature dependence of the
stress increment required to initiate deformation after
ageing (the upper yield point) and that required tc main-

tain deformation (the lower yield stress), both being



*igure 5: True stress/true strain curves at various

temperatures
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Figure 6: Variation of lower yield stress after

ageing with temperature
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Figure 7: Variation of increase in strength after
ageing with temperature., The parameters

.plotted are shown in figure 8.
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Figure 8: befinitions of the parameters plotted

in figure 7.
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expressed as a percentage of the 3% flow stress at that
temperature. The actual parameters plotted are defined in
figure 8. ithe preceding figures 5, 6, and 7 indicate that
high purity titanium éxhibits strain ageing phenomena in
the range 100° to 350°C, with the effects being most
pronounced at about 3oo°c.

Given the strain ageing mechanism of Bedford (1970)
and assuming it is operative in titanium, then one would
expect evidence of the presénoe of dynamic strain ageing
since it is tﬁe interaction of dislocations during strain-
ing that is held to be responsible for the effects ob-
served. One method of determining if dynamic strain ageing
occurs is to study the témperature variation of the work ‘
hardening behaviour of the material under investigation.
In the absence of dynamic strain ageing the work harden-
ing rate would be expected to decrease. with increasing
tenperature due to the decreasing thermal component of
stress and the increasing operation of thermally activ-

ated dislocation sources., If dynamic strain ageing occurs

however, deviation from this behaviour would be expected.

Iudwile (1909) suggested the following simplified
power curve to descrlbe tensile behaviour in the plasflc

range:
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=0, ¢+ Ke€? crieoevesoeaa(l)
where n, the strain hardening exponent, is relatsed to the
work hardening behaviour of the material. Plotting
the stress/strain curve on logarithmic co-ordinates
should then yield a straight line of slope n. This was
~done for a serles of test temperatures; the plots are
shown in figure 9. The results thus cbtained are in good
agreement with those obtained with zone refined poly-
crystalline zirconium by Arunachalam et al (1972) . The

values of n, when plotted against temperature, show &

distinct work hardening peek at 300°C (figure 10) .

It has been suggested t+hat a more realistic measure
of work hardening would ée the wark hardening rate,.do/de,
(Xelly, 1972) which is in fsct the instentanecous slope
of the stress/strain curve. From eguation (1):

aa (n-1)

de N.ko.g

= nak.?

€

=n(a'"a~o) an-nuana.-.c(ii)
€

The variation of (ar/ae) .03 with temperature is shown
in figure 11; again a peak is observed in. the strain |

ageing rangse.

-



Figure 9: Log(true stress) vs log(irue strain) at

various temperatures
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Figure 10: Thermal veriation of the work hardening

exponent, n
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Figure 11: [Ghermal variation of the woxk hardening

rate, (do/de I)e: .03
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Santhananm and Reed-Hill (1970) have suggested that
a better assessment of work hardening can be made by
measuring the stress increment required to increase the
plastic strain from 0.5% to 5.04. This procedure has the
advantage that-it makes no assunptions about the shape
of the stress/strain curve and the increment is no%
influenced by changes in the thermally activated flow
streés'component. Figure 12 shows ACGoos, 05  Versus
temperature; the data of Santhanam and Reed-Hill are in-

cluded foxr comparison.

yhe stress increment at any given témpérature is
less for the higher purity material. iLhe higher the
purity the lower the dislocation density for a given
strain (Kelly, 1972; Conrad et al, 1972), hence the
lower the long range stress component and the less stiress

required.to induce the strain.

All three methods indicate fhat dynamic strain ageing
does oceur in high purity titanium over the same temp~
erature range as that over which disconfinuous yield

points are observed.

Referring again to figure 12, another significant




Figure 12:; M(,,005..,.05) vs temperature
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two curves plotted. Both show an anomalous work hard-
ening rate in the temper#ture range 150° o 350°C and
more importantly the magnitude of the effect, as meas-
ured by the peak height relative to the background curve,
is the same in each case. It has been shown that for a
given strain, dilslocation density increases with impurity
content (Kelly, 1972; Conrad et al, 1972); since the
internal stress component is directly related to dis-
location density (Orlova et al, 1972; Kratchovil and
Conrad, 1970; Conrad et al, 1972) the higher stress
increment obtained for the commercial purity material

is expected..ii however, solute-dislocation interactions
were solely responsible for the observed dynamic strain
ageing effects, then considering the great disparity in
solute content cf the commercial purity‘and electro-
refined materials, the noted similarity of the effect in

the two materials would not be cxpected.

Since the oxnly other mechanisms which might cause
ageing are point defect (other than solute atoms)-
'dislocatiqn end dislocation~dislocation interactions,
the occurrence of dislocation cells aover the same temp-
erature range as that over which the anomalous work
hardening behaviour is observed (§3.2) assumes a new

significance. If it is hypothesiéed that dislocation~



‘ 37.
. dislocation interactions within these cells are involved
in ageing (a2 reasonable proposal in view of the reported
behaviour of zirconium ($1.1)) then & modification of
tie stress relaxation behavicur in the strain ageing

range would be expected,

Stress relaxation requires the movement of disloc~
ations over many atomic distances. If dislocations become
enmeshed in dense tangles during straining, stress relax-
ation should be severely inhibited. Qualitative compar-
isons of stress relaxation behaviour at various temper-
atures were made; the results obtained at room temper-
ature and 300°C are shown in figure 13. A specimen relexed
at room temperature from the 3% flow stress exhibits
exponential relaxation behavicur both initially and after
Teloading to -the 3% flow siress level. This is in direct
conirast to the results obiained at 300°C where initially
there is only a very short period of exponential decay,
followed by lineax ;elaxation with a very low rate of

load drop.

'ests were conducted to determine if static strain
ageing occured to a significant extent in high purity
titanium, Specimens were strained 3% at room temperature,

aged—(under no utré%s)'and'rcstraincd;-hoth-at EOGQGg



figure 13:. Stress relaxation behaviour of titanium

at 17°¢ end 300°¢






Figure 14:

The effects of different ageing treatments

on titanium.

Cuxve A: restrained at room temperature
after 3% strain and ageing, both
at 300°%¢.

 Curve B: aged and restrained at 300°C

after 3% room temperature strain.
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The result is shown in figure 14 (curve B); a discont-
: ihuous yield point has been introduced, although the
efiect is not.as pronounced as that obtained when the

initial strain is conducted at 300°C.

it was suggested earlier that the strain ageing
behaviour of titanium should be similar to that of
gzirconium, ﬁut with some modification due‘to the differing
elastic interaction energy of interstitials in tke resp-
ective lattices. In titanium, where the misfit is greater,
the interaction between interstitials and dislocations
should be correspondingly greater. Bedford (1970) showed
that the combined effects of dislocation~dislocation and
interstitial-dislocation interactions were such that the
ageing effects were masked when an aged specimen was
restrained at room temperature. Titanium specimens which
were strained and sged at 300°C and ree%gained'at room
temperature exhibited a yield plateaﬁ (figure 14, curve A)

indicating stronger>locking thatt is the case for girconium.
- 3.2 ELECIRON MICROSCOTYY

Specimens which had been given the annealing treat-

ment described earlier exhibited a typical dislocation

structure, with a low density; random aisbributien ol
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Figure 16: Dislocation siructure developed aftsr

3% strain at Toom tenperatura.

Magnification: 22000X







Pigure 17: Cellular substructure dovaloped mfter

%34 strain at 250°C.

Magnification: 22000X
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dislocations (figure 15). Straining 3% at room temper-
ature produced large,loosely defined, cellular arrays
-and many free dislocations in the cell interiors (figure
16). The same defqrmation at 250°C produces a cellular
substructure, the walls of which contain heavily tangled
diglocations and debris, with virtually no free disloc-
atioﬁs (figure 17). Deformation at 300°¢ produces essent-
ially the same strﬁcture {(figure 18) as does straining
at 350°¢, althoﬁgh in this latter case more free disloc-

ations are apparent in the cell interiors (figure 19).
3.3 BURGERS VECTOR ARALYSES.

In order to ﬁompare the slip systems operating,
burgers veétor determinations were conducted on specimens
strained at different temperatures, using the technique
of Bedford and Willer (1970). In all cases dislccations
were found to have burgers vectors of the <1120> type.

A typical analjsis is given in Appendix IIX.



47.

1t is now zZeamerally agreed ithet for a discontinuous
yield point to occur &ll dislocations present in ‘tiae
matericl niust remain effeczively locked until the ounset
¢f microstrein. Atthe upper yield sitress there is a
sudden multiplication of the number oI mobile disloccations

present.

Depending oa the strengbh of the lociking mechanism

this multiplicatior mey be caused by & few dislocations

k

roving through the latiice at high speed and wultiplying
rapidly or, in the case of strongly pinned dislocations,
new dislocations may be created at stress concentrations.
fnege disliocations, again, nultiply rapidly resulting in

a yield drop.

Crussard (1563} pronosed a mechanism, in actuality
a combination of the Cottrell and dislocation-dynamnics
tnéories, in which it was considered that prior to a
yield point occcurrinyg, e few sources will operate by a
thermal activation yprocess. These dislocations pile up
azainst grain boundaries; the resulting siress concen—
trations eventually initiate slip in ihe neighbouring

srains., Rapid dislocation multiplication follows giving



LedTford (1970) interpreted his observations in
alpna- zlré041u1, where dislocation Tangiles occurred more
often in the vicinity of grain boundaries than in the
rain interiors, as supporting the model of Crussard. The
necessary siatisticel computaticons were not done in this
work to enable a comperison of dislocation distridbutions

to Te made.

As was stated in the 1ntroéuction, in zirconium
a Cotirell locking mechanism acting alone has been dis-—
counted as beiang responsible fdr producing the strain
eing effects observed. Using the defirition ol iNabarxo

{1946) For lattice distortions resulting from +the presence

]
o

te atoms, the assymetry

Q
Lo
[ )]
[}
'._l
=
<l

tic, Eb(c)/eb(a), for
oxygen-in zirconium has been found to be 1.2 (Hull and
Cornrad, 1967}. Hence no hardening of the type described
by Pleischer as bheing due To tetragonal strain fields is

ohserved. 11 titanium the assymetry ratio is 30 (Pearson,

\O

1958) therefore rleischer hardening will occur. i.easure-
rents of activation energy however, have siown that the
interaction between dislocations and interstitials cannot
he accounted for by this mechanism (Tyson, 190]} Further,

tull and Conrad (1967) have snown that in ithe case of
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titaniun the inrluence of interstitiazl conteut on saort
ranige iunternal siress is less pronounced inan in zircounium.
Yhoy have egxnlained this in terms of The lattice distor-
tions what rerult when an interstitizl atom is placed in
e respeciive latiices. While the lattice distortion in
zirconium is less than in titaniwm, the former is vir-
tuclly syrmeirical (see above) whereas the latter occurs
elrost entirely in the “c" direction (Pearson, 1958); the
stirain in the wan directioh is therefore greater in
zirconium than it is in titaniﬁm. this means that for

1ip the interaction between a nobile disloc-

N

2]
'—l
7]
=1
[aS]
c!}
Q..l
0
6]

aticn and an interstitial atom will be greater in

zirgoniwn thean in titaniun.

rron the foregoing it can be seen that interstitial-
ai cation interactions are not solely responsible for
the ageing effects observed., The electron microscopy
studies showed that the substructures concomitant with
ageing were cellular dislocation arrays, a situation
Iinvolving exvensive dislocation-dislocation interaction.
Purther, the dynamic strain ageing studies revealed an
ageing effect, the magnitude of which is apparently
insensitive to the disparity in solute content that
exists between iodide refined and commercial purity

titanium. Stress relaxation experiments showed that only



very litile stabilization of the siruciure developed
during gtrainiag ‘was neces sary to greatly inaiblt dis~
ocaticn motion. .1t would avpear therefore, that the

lislocati on«gislocatlon interactions resulting from cell

—~

formation nlaj a s;vn*-lcunt role in ageing.

Referring back to the binding of dislocations by
interstitials; that interaction which does occur would
beg expected to be changed ounce disloqation tangles have
formed. The parent latiice will be severely distorted
witihiin the dense dislocation tangles which result when
toth metals are strained in their respective strain ageing
ranges. Under these circumstances tne lattice strain
nroduced in titenium by interstitial oxygen - 12% in
the "c" direction (Pearson, 1958) - should leed to &
significantly greater stabilizing effect on these tangles
than would be expected in zirconium,where the maximum
strain is 4.4% (Lichter, 1960). That this is so is
supportea firstly by the more pronounczd discontinuous
yielding effects in titanium and secondly the differences
observed in the stress relaxation behaviour of titaniunm
and zirconium in their strain ageing temperature ranges.
The more effective stabilizetion of dislocations in
titaniunm would inhibit dislocation motion more effective-

ly; also reloading to the initial stress value does not



appear to unloek stabilized dislocaticns, a different
situation to that observed in zirconiwm (Wood, 1973). Tue
stronger locking would also explain the generation of a
room temperature yield point in high purity titanium
after prior eptraining and ageing at ;GOQQ 2 phenomenoi

not observed in zmiveonium (see éiqﬁ}“

Po obtain a peak in the &v/ o versus temperature
curve {figure 7} i1t would be expected that at the pealk

114 be

l-a

temperature , the diffuszion of intersiitials wo
such that complete aitmospheres would have time ic form
while thermal unpiuning of dislcecations would be maine-
tained at a minimum. Pratt et al {(1964) and Gupta and
Veinig (1962) have both observed relazation peaks in

internal fricition atudies of titanium which they have
shown ave related to the diffusion of oxygen. The re-

ported activation energies of 48000 and 45000 cals/gm.

n

mele respectively are the same asg reported for an cxygen
peak in zirconium {Puller, 1971). Eremeev et al {(1969)
have found that the activation energies for bullk 4iff
ugion of nitrogen in titanium and zirconium are the same
Pemsler (1958} has reported an activation snergy of
50600 cals/gm. mole for thke bulk diffusicn of oxygen in
zirconivm and Rosa {(1970; has found an activation energy

of 48600 cals/gm. mole for oxygen in titanium. Miller azd
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Zrovine (1504). have observed an internal friction peak
in hish purity titeanium due to tne reorientation of
oxygen dipoles; the reporied activation cenergy was
56000 % 30@0 cals/am. mole.
From the foregoing it can be aé;umed that-the Aiff-
usion rates of intersiitials in the two metals are

(SF9%

tn
o

mtially the came; Fuller (1971) has determined the

relaxation timne for the oxygen peak in zirconium varies

from 10000 seconds at 250°C o anproximately 800 seconds
ot 300°C, 10 seconds at 350°C, and 0.1 seconds at 450°C.
Lsswaing the same atom jump times in titanium, then for
the ageing time used (1000 seconds) a peak in the ageing
curve would be expected at about 300°C as was indeed the
cese. I'rom this it nust be concluded that interstitials
also play an important role in the strain agelng bpehaviour
of alpha-titanium even though they are not solely res—

ponsible for the phencomena observed.



w
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. COLCILUSTIOLS

Strain ageing effects in titanium have been reported
in the literature for the last 20 years. o a large
extent these_observations have been made on impure
titanium which shows significance differences to the per-
formande of high purity material, the major one being

the occurrence of & discontinuous yield peint on initial

strain, even at room temperature.
)

"he presént work revealed that to obtain a yield
point in kigh purity material, a certain amount of priocr
strain is essential, and that further, significant ageing
does not cccur at temperatures much below 100°¢, At the
ﬁpper tenperature i1imit of this work, 55000, ageing
effects are still quite marked.

The resulis obtained indicate that the mechanism

of ageing is essentially the same as that proposed by
Tedford (1970) for alpha~zirconium: dense dislocation
tangles form during straining and ageing, with the con-
sequence that strong &islocation»dislocation ccecurs.

vhe formation of these tangles (cells) is not suificient
in itself tq produée discontinuous yield reinte; many

other metals exhibit cells withuut displaying evidexnce



of ageing. dowever, the diffusion of interstitial sclute
etoms to these tangles stabilizes thenm, eflectively

locking the dislocations in the cell walls.

iithough an understanding of the basic mechanism
responsible for etrain ageing in high purity titanium
has been achiefed, nany details still remain unresolved.
thie processes whereby cell formation occurs were not
studied. Quenching of specimens immediately upon cessation
cf svraining would enable the separation of those effects
due only to straining and those due to ageing, hence
providing more information relating to cell formation.
Specimens cuenched after varying ageing times would also
yield information on the changes occurring during ageing.
long term stress relaxation experiments would also be
useful in this regard, although the temperature stability
of the apparatus was such as to limit the time interval
over which these experiments could be conducted. The
gscription of the role of stabilizing dislocations within
cells to interstitials was deductive; however, the in-
creasing sophistication of microanalysis {echniques inay

enable more direct evidence %o be obtained.

While the results of this work and those of Bedford (1970)
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give a deepér insight into the spectrum of lecxing
necaanisms which facilitate strain ageing in metals, a
more complete understanding should be afforded if research
is exténded into three areas. Firstly, the effects of
higher temperature shounld be examined, with particular
attention péid vo the modifications to dislecation
stiructure wrought by recovery effects znd their influence
on ageing vhenomena. Secondly, it is obvious from the
literature that substitutional atoms greatly affect the
benaviour of titaniwm: therefore, a study of the effects
of composition on the ageing mecnanism should yield
fruitful results. Lastly, fhe influence of lattice
parameter changes could be more fully evaluated by exam-
ining the ageing behavicur of both Hafnium and Scandium

in detail.



RIBLIOGRAPHY

ANTONY K.G. (1965), Paper preseated to ASTH national
nesting, Seatile, Washingﬁong-October,

ARUKCHALAM V.S8., PATTANAIX $., LONTEIRC S.N., REFD~HILI
R.%. (1972), let. Trans., 3, 1009,

BAIRD J.D. {1871), Met. Reviews, 16, no. 149.

h.D, thesis, Univ. of Adelaide.

H

BEDFORD A.J. {1970},

BEDFORD A.J., PULLER P.G., WILLER D.R.H. (1972}, J. Huc,
Naterials, 4%, 164.

BEDFORD A.J., MILLER D.R.M. {(4197Q), J.A.I.NM., 15, 179.

CHURCHMAN A.T. (1955}, dcta Met., 3, 22.

CONRAD H., OKASAKI K., GADGIL V., JON M. (1972), Zleciron

Microseopy and Structurs of liaterials, 458463,

™

CRUSSARD ¢. (1963), H.P.L. Symposium no. 15, 548,
CUFF F.B., GRANT N.J, (19%52), Ixon Age, 170, (21}, 134.
EMEREEV V.8., IVANOV Yu.l.,Paw0V A.8. (1969), Izvest.
Akad, Nauk SSSR, Metally, (431, Z62.
FIDLERIS V. (1968), J. Nuc. Materials, 26, 51.
FULLER P.G. (1971), Ph.D. thesgig, Univ. of A&delaide.
GARDE Aclle, SANTHANAM A.T., REED-HILL R.B. (19727,
sota Het., 20, 215.

GIFKINS R.C. {1970}, Qpticel Microssopy of Wetale.

GUPTA D., WEINIG S. {(1962), Acta Mst., 10, 292.
HOLMES J.J. (1964), J. Nuc. Materials, 13, 137



57
HULL J., COHRAD H. (1967), Franklin Institute Report
P-G1834,

JONES R.L., COWLRAD H. (1963), The Science, Techuclogy

JONES R.L., COSRAD H. (1969), Trans. HMei. Soc. AIME,
245, 779.

KESLER J.H. {(1955), Yrans. A.3.4., 47, 157.

KBLLY P.il. (1972), Privete communication.

LICHTER B.D. {(1960), Trans. AIKE, 2186, 1015.

LUDWIK P, (1909), Elemente der Téchnolsgischem Machanik, 32.

LUSYTER D.R., WENTZ W.W., KAUFREN D.W. (1953}, Materials
and Methods, 27, 100.

HILLER D.R., BROWNE K.H. (1968}, The Science, Techrelsgy

-

and_Apnlica

NABARKO F.R.N. {1946), Proc. Phys. Soc., 58, 659,

25, 865.
PARTRIDGE P.G. (1967), Met., Reviews, i2, no. 118

FEARSOW W.B. (1958), Handbook of Lattice Spacings snd

(59}
¢ és e

structures of Metals, vel. 4.

PEMSLER J.P, (1958), J. Flectrochem. Sce., 105, 315.

PRATT J.W., GRATINA W.d., CHAMBERS B. {1954}, Acta Wet.,
2, 203,
RAMASWANMT B., CRAID G.B. (1967), Trans. YMet, Soo. AXME,

218, 869,



58.

REBD~HILL R.E., RANACHAHNDRAN V., SANTHANAM A.T. (1969),
U.8.A.B.C. report QRO-AD~{40-1)~3262-10,

RICE L., HINESLEY C.¥., CONRaAD H,. (1371), Metallegraphy,
4, 257,

ROSA C.J. {1970), Ket. Trans., 1, (9), 2517.

KROSI F.D., PERXKINS #.C. (1953), Trans. A.S.H., 45, 972.

ROTSEY W.B. (197C), Private communication.

ROISEY W.B., SHOWDEN X.U. (1971}, Private communication.

SANTHANAM A.T., RAHACHAWDRAN V., REED-HILL R.®. {1370},
biet. Trans., 1, 2593.

SANTHANAM A,T., REED-HILL R.E. (1970), Sordpta Met., 4,
529, ‘

SHTALEE R.L., MILCHRLL T.E. (i1971), Rev. Sci. Instrumsnig,
47, 8980,

STOKES G.K., KEOWN S.R., DYSOW D.J. {1968}, J. ADp.
Cryst., 1, 68, ‘

TRECO R.M. (1953), Trans. A.3.M., 45, 872.

TURNER N.G., ROBERTS W.T. (1968), J. Less Commen Metsals,
16, 37.

PYSON W.R. (1967), Can. Met. Q%ly., 6, (4}, 301,

TYZON W.R. (1968), Zhe Science, technology and Applisaiions

of Titanium, 479.

WOOD G.W. (1973), Pu.D. thesis, Univ., of Adelaide.



Preparation of 3 mm Disk Electron Licrosgcopy

Sub-zero femperatures

A technical note published in the Journal of

Instruments, 1972, 5, 9845,

- ol

i

S



£1.1
PREPARATION OF %mm DISK BLECTRON KICROSCOPY FOILS AT

SUB~ZERQ TEWPERATURES.

A, 8, Pearce and G. Wood

Materials Science Group, Chemical Engincering Depervtment,

University of Adelaide, Australisa,.

& received 30 Kay 1972.

ABSTRACT A polishing cell is described with accurate
temperature control in the sub-zerc range, for use with
a helium-necn laser after the method of Smialek and
Mitchell. The system ensures succassful operation of
the detector, which otherwise may be prevented by

lack ¢f temperature stability orxr icing im the light patb.

1 INTRODUCTION

Automation of the Zmm disk technigue has been traditicn—
ally accomplished with & light scurce directsd at the
disk, and a photecelectric cell to indicate the moment

of perforation.

A suitable light source must of necsssity be intense
and well collimated, and the advent of low cost, low

power lasers has provided an idesl source. Smialek snd
Mitchell (1971) have desecribed a 3mu dick technique using



s

Al.
a laser, but thesir method, as described, wae found G be
unsuitable for use with electrolytes requiring sub-zero

operating temperatures.

Lodifications to the technigne wers required to
eliminate two main problems: {1) the effects of polishing
cell temperature fluctuations cn photoelsciric cell
sensitivity; (2) formation of frost in the light path.

The system adopited has overcowe both these difficulties.

2 UBlL.FPERATURE COWTROL

The normal method of standing the polishing cell in =2

@

freezing bath (methancl-selid CQZ} was discarded., Icstead,
the electrolyte (6% perchleric acid, 36% n-butancl, and
58% methanol) is cooled in a reservior to below ~50°C,
again using a methanol-solid GG? caolant, and then pumped
through the polishing cell and returnsd. A ressrveir of

1 litre capaciiy, and a pumping rate of approximaiely
50ml min”! were found to be suiteble: with a faster flow
of electrolyte the reserveir is difficult to mslutaln

velow -&60°¢C.

The elecirolyte was raised o the desired femperature

0 9 - s r3 g -~ - *
af ~35°0 hefore flowing imto the polishing cell by pasaing
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it bhrough a heater consisting of a siainless steel tube
wound with nanthal and coupled to a Ruwotherm stepless
proportional controller. An iron~constanian thermo covpl.e

measured the electrolyte temperature immediately belore

g+
=3
o

polishing cell.

3, XOLISHING CRLL

The polishing cell, shown in figure 1, was criginally

)

bed

made from perspex, but has been replaced with Fyrex glass.
The light guides are an integral part of the cell, and are
paramount in cvercoming the two aflorementionsd rrcblems,
Being good thermal insulators, they prevent ice forming

in the light path and insulsate the phohoelectric deteotor

€

from the polishing cell. Masking the oulsr surfaces of
the light guides and most of the cell with ¥VO tape
greatly reduces interference wiih the detector Ly stoay
light, though a window [(shown as W in Tigure 1) 13
required so that the disk can be accurately aligned in

the beam. Electrolyte flows upwards in the cell, and the

flow rate used gives good uniform thinecing ol

4. ELECIRONICH

Yhe slarm circuwit disgram is shown in figure 2. The light
dependent resistor is one arm ¢f a nridge cirosuit which



A4
is balanced with the disk in position but without the
polishing current switechbed on. Qutput from the bridge
goes to 2 high gain amplifier, with adj justable positive
feedback. Wwhis enables thes sensitivity of the amplifiex
tc be set to filter out neise. rerforation of the disk
switches off the polishing current via the relay and

triggers an sudible alarm.

5. GPECINGEN DPREPARALION

Zam zirconium disks, about O.5mwm thick, were oub un a

Servomet spark cutting machine, and profiled on ho th

sides by jet machining. This dishing was done using an
- 0
electrolyte of 5% perchloric acid in methanol at =507 0

and a veltage of 200 volte DC. Titonmium dlisks were profiled
chemically using the method of Rice et al (1971}, Specimens
were coated with Lacomit. stopping off compound arcound the
edges, gripped in modified tweezmers, and placed in the
laser beam (model 410, Metrolegic Imstruments, Bellmawy,

NJ O8030). The molishing power supply was then switched
on**; immediately the alarm sounded the specimen was
removed from the cell, washed in clean meihancl and dxiad.
Delays in washing in excess of two seconds will resull in

dirty specimens.

The pexrforations averaged approximately 100 microns
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in diameter, wiith adeguate areas itransparent to 10CKV
glectrons. Although the apraratus has only Leen used fox
Zr and Ti, it should be suitable for any material

requiring sub~zero polishing conditions.
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Figure 1 Schematic diagram of the polishing cell

Figure 2 Diagram of the detector circuit
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Avtomatic rlotting of Stersopgraphic Projections.



AUTOMATIC PLOTTING QF STEREQGRAPHIC PROOCECGTICNS

1.  INTRODUCTION

The value of atereographic

projeciions has long begn recognised by crystallographsrs.
While there are many "standard" projecticns available in

the literature, projections other than these standards are
of ten preferred. Manual construction of projections tends

to be time consuming and tedius, snd tc this end the

}.

following progeram has been written for use with the ODC €400

computer with Crlcomp 190" and 20Y plotiers.

2. SUMMARY

A Yoritran program has been weithten
to produce sbere ographlc projections, both planar and
directional, of any orisntetion for any crysital system which
can be described by three noncoplanar axeg and thres inter-
axial angles. It is summarised in terms of planar nrojscltions:
lotting of dirsctienal porjsctions is completely analogous.
It is glso assuwued that the concepts cfxsta?aagraphic sphere
and projection are undsrsicod. |

Ta facilitete the actusl mechanics
of plotting the projection thrse reference axes (plahe

normals) are required, ons of which is the normal to ths



projection plane. Once the point te be plotterd has bgen
chosen the angles which the plane normal in guestion maks

with each of the three reference axegs ars calc lated. 1t

s then & relatively simple trigonometric operation to

-

plot the peint. The trigonomelry is ccnsiderably simpliflied
if the reference axes are mutually perpendiculsr. However,
for many non-standard projections, particularly in nor~cubic
gystems, three matually perpendicular plane nuriale may not

be known. This deficiency cazn be easily overcors using a

"

basic property of vectors, namely, bthat the cross produet

of two vectors will yield s third perpendicular to the firgt
two. If vectors #1 and #3 are than crossed, a fourth

vector will result that is perpendicular to these, thus
producing three vectors, #1, #3, and # 4L, walch are

-

mutually perpsndicular.

The program is written to give
the operator options as to the size of the plot, wihich

plotter (410" or 30") is used, whether it is of planes cr

Y

Iy

rder of planss of directiocns considered,

e
L}
(o}

(-]
@
Q
o+
Pt
o
o
[0

0
<t
g
(]

and whether or not a print out of point co~crdinates is
required. If these options are not exerciscd sthe prograia

asgsigns default values to enable 1t to run.

3« PREOGRAM DETATLA

2.1 Llanguage: FORTRAN IV

5.2 Data Input:



o
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&

SH

(1) Radius of plot and choice of plotter.
(ii) Number of projections to be plotted.
(iii) Lattice parameters a, b, ¢, o, B, Yo

(iv) Program controls. These limit the order of planes
plotted and whether pluanes and directions are

considered.

(v) Pole of the projection and two mutually perpendicular
reference planes. If the latter poles ars not gilven,

the computer generates its cwne

4.3 Caleuvlatvions.

Using the given lattice paramelers
those of the reciprocal lattics are caleulsted from the
following:i-

V = a.bece (cos®a+ cos?g+ cos?y~ 2.cosa.cas8.008y)
where V is the unit cell volume.

Then

» _ b.c.sing
& 4 _ :\}’“

and *

8 COSLACGS - COSX
COS((X) - GeOs Y 3

sinfd. sin<Y

', etc., are calculated cycliciy.

If the two reference poles are

not supplied ihsy are generated using the following relations:~

Consider two sets of planes (i.e.



X%

A
XY

o 4

vectors in reciprecal space ) (uiviwi} and (u4%f~iwj)E then

W

because ol the relationships batween real snd reciprocal

space,

W, W, W Z i V.w - ;"U'(!*‘Hs{
( i X '.") ( J 5 j) . Wl

where UVW is a vector in real space and is, of course,

perpendicular to both {(u,v w ) snd {u,v,w,i:
5 343

U= v.ow. ~ w.v.
ji a4

V = wjui - ujwi

W

#

- 5
ujvi ';“,ui

LS Wc‘
VW] is then convertes to a vector [uwvw) in reciprocal
space a8 Tollows:

Uea® 4 Vesbocosy + WeC.840085

n =
v = Usasbecosy + Veb? & Webecocosn
W = Uicoec088 + Vobacocosam 4+ Wer?

The actual procedurs is than:

(100) % (u,v,w,) %

(
R
g given n- ( W) Ui or W o |
& ZLlYeh Dy ‘U”-‘ ‘?‘,W“', X W 2 W
Jy then it is crosesd with {1711}
In this way three mutuslly perpendicular axss ape Produead .
The Miller indsz tripists sre then
generated sand tested for a common fector; if none exisis the

angles 'y, ¢, and @ are calculated,

From these angles, the x snd ¥



Figure 1: The stereographic sphere
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co-ordinates of each point is calculated (poles on the
back hemisphere are omitteda by ignoring those poles with
x>9(}0.

The expressions used are;-

X

#

: y XN 2 2
"RaGOEM&tEﬂ(?)nCOS % 4+ cos“@) %

/

N f XN z, 2\ =iy
vy = ﬂuccsg.tanggj.(cos &+ cos )2
N
The triplets are generated until

G < d and are stored along with the plot co-~crdirnates

uvw limit?®
and interplanar spacings until caliculation is complate. The

stereocgraphic projection i3 then piotied.

3.4 Defzult Vaglues.

Input dats requiremsniz have hesn
given in 3.2. Howsver, of these only the latiice parameters
are gssential for the program to run. The other paramcters

have default values assigned according to the following tsblal-

Perametier Read Value
Plot radius 0 cms. 5 ems .
No. of plots Q ' (l
Planes or dirns. A D P
Limiting order
of points piotted (0,0,0) (2,2,2)
Proj. plane (0,0,0) (0,0,1)

If only the lattice parameters are supplied in the data

list the result will be a (0C1) projection of plane normals,



A2.7

10 ems. In diameter, including plsnes up to d(uvw) > d(2?2>,

plotted on the 10" plotter.

L, CONCLUSION

The program has been used success-
fully to produce several projections for the hexagonal
system, c¢/a = 1.59, as well as for cubic and ortherhombic,
systems. Two examples of the ploits obtained are shown in

figures 2 and 3. A program listing is also given.



Figure 2: The (111} projection for planes in

titanium" - ¢fa = 1.59
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Figure 3: The [10] projection for direeticus

in titanium - ¢fa = 1.59
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PROGRAM STERED(INPUTSOUTPUT)

INTEGER H(400) e HIHe F

REAL LIMITs LIMHe LIMKs L IML

DIMEMSTON X (40G0)eY(400) eK(40Q0) oL (400)e1C(5)
LOGICAL HLIMaKLIMIEXC

DATA PIGIC/3.1415927 9203959 7el1l/

COMMNOMN/ANG/ AsByCoCOSALP4COSBETsCOSGAMeHM¢KKeLL
COMMON/CONVERT/ASTRIBSTRICSTRIALPSTReBETSTRsGAMSTR
JCONT = 0

READ RADIUS (IN CMS.) AND PLOTTER
CONTROL {10 OR 30 TNCH) «

READ 205¢ ReITFEN

IF(RJLELG Y R = 5,

IF (R el T 128, A ITENEQRL.0)Z20P 203

CALL PLOT 10 (7THNHDEYCUsT)

GO TO 264

CALL PLOT 30 (7HANHDEYCUST)

CALL PAURLOT(18HBLANK PAPER PLEASEs18)
FORMAT (F5411)

R=R#06,393701]

XK = P
YR = &

READ NO. OF PROJECTIONS TO HBE PLOTTED
AND PRINT SURPPRESSTION IF KREQUIRED

READ 144 NPyTIPRINT
FORMAT (213)
IF(niP.GBT.0) GO TO 207
MNP =

PXM = 3% (R+5) NP

CALL XLIMIT (PxM)

READ LATTICFE PARAMETERS. INTERAXIAL ANGLES
ARE TN DFGREFES.

READ le LeHeCoALPIRETeGAM

FORMAT (RF10.543F10,3)

IF (A Ll EeNeeaBelFaleeaQeColLEafa) GO TO 200

IF (AP e LE el e e DeHETeLEaCoeDeGAMeLEDe) GO TO 200

ALLp = ALOG*#RI/180,

BET = BET#PI/180.

GAM = GAMIFPI /1RO,

EXC = qu

COSALP = COS(ALP) $ SINALP = SIN(ALP)
COSRET = COS(RBET) % SINBET = SIN(BET)
COSGAM = COS(GAM) § SINGAM = SIN(GAM)

IF(EXCYBD TO 37



@
it

#
#*

3*

#*

*
3
ki
3

37

SQT = 1a=COSALPH##Z2=COSBETH##2=~COSGAM##2
+

) 2e#COSALPH#COSBETH#COSGAM

RECVOL = A#B#C# (SQRT (SQT))

ASTR = B#C*SINALP/RECVOL

BSTR = C#A#SINBET/RECVOL

CSTR = A%B#SINGAM/RECVOL

CASTR = (COSBET#COSGAM=COSALP)/SINBET/SINGAM
CHSTR = (COSGAM#COSALP=COSBET)/SINGAM/SINALP
CGSTR = (COSALP®#COSBET=COSGAM)/SINALP/SINBET

READ LIMITING INDICES AND WHETHER PLANAR
OR NTRECTIONAL.

READ 29 LIMHoLIMK2LIMLoOQOPT

FORMAT (3F34sA)4F5)

IF (LIMHeNE e 0 eQeaLIMKaNE« D« Oul.IMLNELO) GO TO 250
LIMH = LIMK = LIML = 2

COMTINUE

ALPSTR = ACOS(CASTR)
BETSTR = ACOS(CBSTR)
GAMSTR = ACOS(CGSTR)

IF(OPTLEQM,IHDYGO TO 37

AR = A % RR =B § CR = C

APR = ALP & RTR = BET $ GMR = GAM
ASTR

ALP = AILPSTR

BET = BETSTR

GAM = GAMSTR

ASTR = AR & ASTR = AR & CSTR = CR

ALPSTR = APR % BETSTR = BRTR $ GAMSTR = GMR
EXC = T

GO To 21

CONTTINUE

READ PROJECTION POLE AND REFERENCE POLES

READ 39 UleV3IieWlali2eVZ2eW2elU39V3IeW3

FORMAT (9F5)
IF(ULeNEeOgoeDeV]eNEalOpelUeWleNEaOs) GO TO 206
Ul=vl=0. & Wl=l,

IREF = KREF = 1
IF(l,]?.oEQoOopAcvaoEQnO..AQWEQEQoO-) IREF = 0
IF(UBeFEQelonNeV3eEQoaleaAeW3sEQ0e) KREF = 0

IF (TREF o NE 4 Qo AsKREF4NEL0O) GO TO 4]

THIS SECTION GENERATES THE REFERENCE
POLES IF MNECESSARY,



3

*

#
3
%

251

473

13
41

16

4

IF(KREF.EQs0) GO TO 43

e =

U3

GO TN 43
TF(UT BNl aaAaV]1,EQe0,,A Wl,EQ,0,)2514252

TV =

TU

GO TN 420

TU =
TV =
ut =
VT =
Wl =
CALL
uT =
VT =
wT =
CALL

1e
TW

Tv#wl

T

0

V2 = V3 § W2 = W3

=l

Twy]

To#l=TU#W1

Tyl

AXCHANM

VRt ]
W21
U2yl

AXCHAN

PRINT 16
PRIMT 13,
PRINT 13

FORMA

T

Ay
n

TVv#UY
(UTesVTowToU2eVZ2eW2)
wady )
Wlsi2
“1%\/?
(UTaVTowiTetli3eV3euw3d)

HeCoALPIBETsGAM
oV aW]l aUZ e V2 eW2eUB3eVIyW3

(L0X99F10,.4)

CORNTTNUE
PRINT 16
(1H1)
SPACE (LIMH LTMKe | IML)

FORmMA
LIMIT
SPAXT
SPX =
SPY =
HH =

NQ=n0

INCH

HH
KK
LL

ihouon

RA =
PSS =

COSPH

T

—

S

SPACE(LI1aV1lewl)

SPACE (U2 4V2sWE)
SPACE (U3sVRaw3)

KK

-
-

HH

LL

ITNCK
HH + TIMCH
KK + TNCK
LL o+ INCL
TF (HH ENeD e AaKKeFRaCaAslLoEQeD)GO TO 6

= =]

= INCIL. = 1

RK = KK § RL = LL

SPACE(RH«RKeRL )
TF(PSLTLLIMITIGO TO 7

I

ANGLE(UYaV]1eW]lePSeSPAXIS)

IF(COSPHI 4L Te=1,F=03)G0T06

INDICE

5

WITH A COMMON FACTOR ARE ELIMINATED.

DO 20 F=145
FACTOR(HHsIC(F))

TN
R
TN
RK

TN

HH

FACTOR(KKSIC(F))

TN

KK



I

2n

15

Al

G

51

RrR2

11

TN = FACTOR(LLsIC(F))

RLL = TN = LI

TF(RHeEQeD e e AvRKaEQeD g eAsRLEQQ.)GOTOBE
CONTTNUE

NO = NO + 1

HINOQ) = HH
K(NO) = KK
L(NOY = LL

COSPSI = ANGLE(U2+V2942ePSeSPX)

COSTHI = ANGLE(U3e¢V3sW3sPSsSPY)

PO = ACOS(COSFHI)

PO2 = PO/2,

TMP = RETAN(POZ2)/(SQRT(COSPSI##2 + COSTHI##2))
X(NO) = =COSPSIH#TMP

Y(ND)Y = COSTHI®THP

IF(IRRINTSNELG)Y GO TO 15

PRINT 95y H{ND)Y aK(NO)Y oL (NO) o PSeH(NQ) o (ND) oL (NO) »
] X (NQ) oY (NO)

FORMAT (10Xe3I39F20e10940X93I342F10,.5)

KL..IM - .Fu
HLIM = oF
GO TN 6/

INCL = =INCI. % LL = =INCL
IF (INCLLI.Te0)A148

L =2

GO TH @

CONTTNUE

IF(KI.TM) GO TO 9

KLTIY = «Te

Y TN 5

INCK = =INCK

KK = =TMNCK

KLIM = oF.

IF (INCKWL.Tal:)81482
KK = 1

GO TN &

IF(HLIMYSGO TO 10
HLTM = ,T,

GO TO 4
IF(INMCHSLTL.0) GO TO 11
INCH = =INCH

HA = 0

HL.IM = ks

GO TN 4

COMTTNUE

EH = =4,0001

SYM = 1H+

CALL PLOT (XReYRs=3)
XR = P#(R+2)



YR = &
ICONT = TCONT + 1
NO a0 J = 1+NO
A = ABS(X(J)) % YM = ABS(Y(J))
G = Xr##Z2 4 YMER2  F (GG = SQRT(G)
IF (GG, NMELDL) GO TO 46
THETA = 024 % GO TO 47
46 ALF = YM/GG
THETA = ASIN(ALF) + PI/2
47 CONMTINUE
TFE (X (J) ol TaFReAY(J) eGESER) THETA = 2.%P1 = THETA
TFAUX(J) e LTeERaASY (U)o .TSER)THETA = THETA + PI
IF(X(J) aBELERaAsY(J)ol.TaER) THETA = PI =~ THETA
SILH = SILK = SLL = 1H
IF(H(J) «GE.D)GOTOTO
HOJY = =H(J)
SLH = |H=
70 TF(K(J) «BEL0)GOTNOTY
Ky = =K (J)
SLK = 1k~
71 IF(L)) e BEL ) GOTNT2
LJy = =L (JdY
St = k=
TP CONTINUE
ENCONE (30739 SLASH)SLHsSLKeSLL
73 FORMAT(ALeAlsAl)
ENCONE (39744 TCHARYH(J) oK (J) sl (J)
T4 FORMAT (11+11+71)
CALL SYMBOL (X(J)eY{(J)seQ49SYMegDqasl)
ALFA = THETA + ,78%4

XC = 0T7H1I%CO5(ALFA)
YC = JO7BL#SIN(ALFA)
XJd = X(J)y = XC
YJ = Y(J) = YC

=

THEDA = THETA®180,/PT
CALL SYMBOL (XJaYJe e 07 eSLASHsTHEDA#3)
ALFA = THETA + 11,1071

A

XC = ,1293%#COS(ALFA)
YC = ,1Z253#SIN(ALFA)
xJ = X(J) = XC
YJ = Y(J) = YC

£ CALL SYMEBOL (XJeYJee0T79ICHARSTHEDA S 3)
IF(TCONTWLTSNP) 60O TQ 12

CALL PLOT(Ue9Dae=3)

GO To 541
290 PRINT 201
231 FORMAT (10Xe#LATTICE PARAMETER HAS BEEN READs

1 # AS LESS THAN OR EQUAL TQ ZERO. JOB ABORTED¥)
501 ST0e

END



FUNCTION SPACE (HeVew)
COUMOR/AMG/ BeReCoeCOSALP«COSBETsCOSGAMeriHa KKl L
SRSE = (A ) 2+ (Vird) b2 4 (W3 C) it

SORD = 2L URYRARRECOSEAM
SOSN = 2w ERFCHECOSALP
SUST = 2 BWwa|RCHARCOSHET

SQ0DT = SO5P+S0SK+SQ0SH+5QST
SPACE = 1./ (S0RPTISADTY)Y

FOE T Lien

by



FUNCTTIORN FACTOR (T eM)
Ri3 = 7
NI = T/RaG

FACTNR = MNT¥RG
RETUR

Eidn



FUNCTION ANGLE (UsVoeWsSPCyRSP)

INTEGER HH

COMMOM/ANG/ AsBsCoCOSALPyCOSBETsCOSGAMeHH KKy L
Tl = HH#UFARA+KK#VH#REB 4L LEWHCHC

T = (KK#w+L L #y)#*#8#C*COSALP
T3 = (HH*WHLL*) #A*CHCOSBET
T4 = (HH*V+KK#*U) *A#B#COSGAM

ANGLF = SPCH*RSP#(T1+T2+T3+T4)
KETURN
END



SURROUTINE AXCHAN (RHeRKeRIi_sUeVeW)
COMMON/CONVERT/ASTReBSTReCSTReALPSTReBETSTReGAMSTR

Tl = ASTR#BSTR#COS (GAMSTR)
TZ = BSTR#CSTR#COS(ALPSTR)
T3 = CSTR#ASTR#COS(BETSTR)
) = RH*ASTR#ASTR + KK#T1 + RL#*T3
V = RH#®T]1 + RK#HBSTR#BSTR + RL#T2

W = RH#T3 + RK#T2 + RL#CSTR#CSTR
RETURN
END
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Analysis of the burgers vectors of diglocations in

al pha-titaniun,



A3~2
The consistently indexed solutions of thesae two
diffraction patterns are shown in figure 3. The operative
reflections were (1T%) which corresponds to g = [ilI], and
{T13) which corresponds to g = [113). The burgers vectoer,
which must be pexrperdicular to koth these, is therefore

{110] (or [11270] in Millex-Bravais notation;.,



Figure 1: That section of the Kikuchi map

representing the tilting expsriment.
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Figure 23 Schematic representations of the *two
Kikuchi poles used %o identily the

operating refleciions.






Figure 3: Sclutions of the two elscetron
gu

diffraction patteruns.
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Pigure 4: Showing the conditions of zZere contras:
o

for dislcaation Ao








