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'“-,ihe efiectfof'inoerstinialfcarbon in tantalum was’inuestiéeted
by transmission electron microscopy and selected area diffraction.
Interstitial ordering wag found and the ordered structure was deter-’
‘:Pmined from computatidn and comparison with electron diffraction data.
*Z’The Superistfice structure is tetragonal, with a § ratio of 1.128, and
an ideal composition Taéuc p
| ‘Since the superlattice was determined from thin foils, it was
';necessary to compare the thin foll results with bulk specimens, alloyedi
:,iﬁto correspond to Ta6uC. Microscopic examination of bulk specimens
":}showed many domain boundaries, separating regions in which the
ftetragonslity associated with ordering was oriented in different

idirections.. An analysis of these dcmain boundaries indicates that

there are three possible types'; coherent;ksemicoherent,and antiphase;



S

Although macroscopic studies have been made of the physica:,;'

Tsproperties of solid solutions of interstitial solutes,:such as H, . C

3 s .
ﬁthe microstructure of these alloys. As mechanical properties are

i
ielloys necessitates a knowledge of the structure under investigation.
iIn the past two years, evidence has been obtained by “transmission
‘.celectron microscopy that the interstitials occupy preferred sites, ,
Tﬁiresulting in interstitial_ordering, in the crystal structure of the_;:;
._'metal. - ‘ " o . : ’ .
The' nse ‘of ic-ray diffraction to s«tudy' this ordering is limited by
:i'the relatively low scattering power of these 1nterstit1al elements |
'sf;_(H, c, N, 0), and because relatively large volumes of crystal are
'féiirredieted. As electron diffraction intensmties are about th times
;grester thanvthose of x—rays, and because‘selected'area diffraction

-

" can be—done on relatively small volumes of crystal (~l u3), detection
';Zby X=-ray diffraction., Therefore, transmission electron microscopy

iexcellent meens for structure analysis which‘wouldibe difficult, ifvf'v
}at all practical, with conventional x-ray diffraction techniques.

np'fl In an investigation of the effect of interstitial N in Ta, -
iSeraphim et a].l were the first to attempt to correlate transmission

electron microscopy observations with interstitial ordering in the

:N, 0 in the Group VB body-centered cubic metals, little is known about '

;strongly structure dependent an understanding of the behavior of these

_of interstitial ordering is more likely by electron diffraction than o

3studies coupled with selected‘srea diffraction»techniques present an” el
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fi on the basis of x-ray Weissenberg camera investigations. .Van Torne »t
;;and Thomas,g and more recently Van Landuyt, have made detailed

. electron. microscopy studies on the phase transformation induced by -
Eiinterstitial 0in Nb.: Oxyegen exists in random interstitial positions:
s:in BCC niobium. When.local compos1tion fluctuations take place,
Tordering followed by a definite phase transformation to FCC NbO, is
;fobserved. With the aid of hot stage microscopy and cine techniques,.'
',ven Tornejand Thomas were able to determine the temperature at which

" the traeefermetion occurs.' Ordering of interstitial hydrogen in

:'}tantalumLl has also been observed, but so far no results describing the

> ordered structure have been reported.-

(orderlng of carbon in tantalum is found and the composition (TaéuC)

wand structure of the superlattice is determined. As the superlattice E

ff scopy observations, it is necessary to investigate the ordering in

,lbulk specimens and to compare the results w1th the thln foil observa-‘l
U ! ’

l

determined from bulk specimens. From electron diffraction evidence the

“Te6hc superlattice is determined to be tetragonal. Finally, a method

.; . (. - o L
II. EXPERIMENTAL PROCEDURE :i[j} o

_;A Specimen Preparation

From commercial tantalum rod stock high purity single crystals,v

SO

Group VB metals.< Seraphim et al. proposed a ordered structure Ta27N i

In this 1nvestigation the effect of interstitial carbon in tantalum:tb-

ﬁis studied the maximum carbon content being 2.94, at, %.;;Interstitlal -
?fstructure is-determined on the-basis of ordering induced during micro~- - -
ftions. The domain boundaries associated with the ordered structure are ”

;for calculating the < ratio 1s developed utilizing paired Kikuchi lines.

’\;:"‘ L R



':fO 6 cm diameter by lO cm- in length, were grOWn in an electron-beam
izone refiner.. Specific resistivities were: measured (the ratio from

1

'Uﬁliquid He to room temperature was 10 ), and from these data the ratio

;The single crystals wvere carefully rolled into strips 6 - 10 mils in .:
?thickness, washed with methyl alcohol and annesaled at 1300°C for 5 a
Fhours in dynamic vacuum of approximately lO 6 m Hg. At this point e
: foils were examined in the electron microscope to determine if any

fordering transformation had occurred due to possible impurity pickup, AR
iformation detected nor could any transformation be 1nduced by beam

?negligible during the rolling and annealing operations. _",A

| After annealing, the tantalum strips were cleened by dipping in'eﬁ
fhydrofluoric acid (MB%), and then washed with methyl alcohol. - At allc;}”'
stages extreme caution was exercised in the handling of the strips in :f_:
“order to avoid contamination. The strips vere handled with tweezers,v;{.l.f

iand at no time were they allowed to make contact with p0551ble sources o

The clean tantalum strips were weighed on a Mettler type BC lOOO.
’?substitution balance to an accuracy of +0. l mg. They were then trans- )
‘ferred to a, vacuum evaporator, where a thin film of carbon was deposited
ion one surface of the metal.' The specimens were then placed in the
vacuum furnace, and the carbon allowed to diffuse into the tantalum at
,various times and temperatures. After treatment, the specimens were

removed and reweighed, the difference in weight being equal to the

.of interstitial impurities to tantalum atoms were calculated5 to be lO 9 '

‘or if any transformation could be induced. In no case was any trans-e'f e

.heating inrthe microscope.v This implies that the impurity pickup Was' aartg, g



F;"amount of carbon taken up by the tantalum. Table I summarizes the

;:percent carbon, and the various treatments for each specimen.v33 L ':: o

”;gQITABLE'I]7“' ‘ .

At. % - '-,fniiAAnnealing“‘ﬁf 'lifAnnealing'!;.;_ - Vacuum
Carbon Vil Tempe °C.o0 o Time Hr. . mm Hg

":1;5477~5"f{'g7 000 S ek wg

.82 b t1000 o Toug ,
228 p 1300 L ek T s 107

2.9k ”';v*g;’,lSQo*;ffﬂsvxv;-.'- b D s 0”

B. Preparation of Electron Transparent Foils

Thin foils suitable for transmission electron microscopy were -
}1prepared by chemical polishing in a solution of 50 vol. % hycrofluoric :
{facid and 50 vol. % nitric acid. The specimens were held in the polish--.
5ing solution for five minutes, washed w1th methyl alcohol to remove

gany surface film then replaced.p.rr” . \ -.

While polishing, the specimen was periodically examined with an
ﬂoptical microscope. If etching was detected then the polishing

{solution was altered by the addition of more nitric acid.

Microscopic Investigation ' ",; _:,gfff' o 5-‘]_71'?5Ah’3 L

Transmission electron microscopy and selected area diffraction "‘ AR

”scope., An electron accelerating voltage of lOOkv and & projector pole "j.: .

«“
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d”conditions in which the transformation could occur during observation.l_z

The transformation wa induced by regulating the electron beam to heat

.;the foil. This procedure offered more control over the reaction rate N
,3than pulse heating (removal of the condenser aperture)

’ Observations on bulk speclmens, ‘which had been transformed outSide :
\Pthe microscope, were made using the double,tilt specimen stage: This
‘“'*twas necessary to invest gate ‘the nature of the contrast and to facili—

.‘,\ - i

tate interpretation of the diffraction patterns.»

| IIT. ‘THIN FOIL RESULTS AND D\ITERPRETATION :

,ifA. Microscopic Observations:i O ‘ ’
| . As reported by Van Torne and Thomas,2 and Van Landuyt for NbO,_lt.x."
ﬁiithe thin foil ordering transformation observed in the present work

‘ Ftioccurs in two distinct steps., Under the effect of heating by the
'iielectron beam, thin regions of the foil were observed to transform with |
“the simultaneous formation of discrete nucleid, whose habit planes were .
E{llO] , This nucleation process was observed to take place homogeneously,zl
;probably'due to carbon composition fluctuations in the thin regions of |
;the foil. These small domainsvthen grew until they impinged as shown -
lin Fig. l. hzwdzl

The final stage of the ordering transformation takes place with

;phase domain boundaries._ The transition period from impingement to
gthe highly ordered final stage is shown in Fig. 2a, b. The final stage o
:of the transformation is shown in Fig. 3 In Fig. 3 the boundaries

;at A and B are coherent domain boundaries (the nature of these boundaries;'

-the formation of highly ordered regions separated by coherent and anti~- . L
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‘ will be discussed in the next section) on (110) and (llO), respectively.

DI . - R R . :
. N , .
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At C the boundaries ‘are primarily (210) antiphase domain boundaries. L ‘.

The transformation just described is the idealized case, and H

:?}};isubject to the morphology of the tantalum surface. This 1syshonn in_;v
'Fig. ha, b, ¢, where the transformation appears quite different from

.the idealized case. The transformation in Fig. ba, has not quite gone

1

to completion,as the diffraction pattern showa only the. initial stages

of superlattice relp01nt formation.

:f% B.‘ Structure Determination of Taéh
From selected area diffraction patterns obtained in regions similar v

to that of Fig. 3 it became apparent that an- ordering process had taken o

place. This was deduced because,be51des the primary tantalum diffrac— V Ll”:f%w

S tion pattern, there was 8lso the superposition of a second smaller

A

Ii diffraction pattern corresponding to a superlattice structure. ‘The

ﬁ roblem is Lo construct from the superlattice diffractlon pattern the

if{;:'superlattice unit cell. Because of the inherent difficulties in ’
‘:fAcorrelatJng intensity calculations with selected ares, diffraction data,
& variation of the algebraic methods described by Vainshtein6 will be e

fi utilized. - Uging such algebraic methods’ 1t is. only possible to derive ,.

1'geometric structures,'and not precise atomic-coordinates. A model will’

h"{?fﬁ‘i . be constructed whose associated structure factor will account for all

’f_superlattice reflectlons either present or absent. The actual structure

_determination involved the analysis of many selected area diffraction ’

'patterns, and trial and error. attempts to construct e model compatible‘ (e

Iwith these diffraction data. The principal features are’ present in » I »

the diffraction pattern associated with Fig. 3.- This“diffractlon

y
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xlzaifpattern ie.enlarged and shown in Fig. 5a,.it contains enough data to |
:?;illustrate how the structure was determined., | E

Figure Sa showe a {001] BCC tantalum pattern tilted slightly
‘d;ri:about [200], with a superlattice diffraction pattern superimposed. .In '
%:this diffraction pattern first order superlattice relpoints are spaced
tff'parallel to (liO) ' and (ilC)' relpoints at a distance of 1/4 gllO)BCC.
’“‘61;This implies that in real space there are superlattice planes parallel
ﬁjto {llO] at a d spacing four times that of (llO)BCC.».Similarly, o
T}{"j:‘l:here are first order superlattice planes parallel to (200] each at' |
‘j4;¥-a 4 spacing four times that of (EOO)BCC. Considering these facts, it ,317'
"\?oﬁis concluded that the superlattice unit cell should be_apprQXimately
ltequaldto four ao‘onaedge, nhere'ao.is-the laftice parameten foé BCC

i
v

e ta.nt&lum. ._ : - ' a - " o .: AL ;

A model, in which four carbon atoms are placed in order to iocate i
'vithc corners of the superlattice unit cell was then constructed. The
“1»carbon atoms were placed in octahedral sites, but tetrahedral sites |

R Jdﬂ night jubt 88 Well be chosen (actually, octahedral sltes were chosen d,
:f?ffor ease of illustration) Figure 6 shows the model. In Fig. 6 the
.2igcarbon atoms are placed in 0-0 octahedral positlons defining the corners -
gﬂof a cube (neglect the body—centered atom for the present) approximately
t;}:four a, on an‘edge.. The BCC tantalum unit cells are shown as squares
vﬁzin'Fig.J6;.iI£ must*now be-determined_if'mone carbon atoms are necessaryv
E;ﬁo account foi-all'the diffraction effecfs; and whene they‘ehould be'

fdlocated in relation 1o the carbon atoms at the corners of the primitive

ydcell (defined by carbon stoms only)




iﬁe The basic structure factor equation for unit cells containing n

atoms of the same’ kind is S

P S g e eani(hx +ky +.¢z)
hk! 1 BT

,? where f is the atomic scattering factor, (hkz) the Miller indices,

~ and (x Vo 2 ) the atomic coordinates. The indicated sum is carried Lo

;out over the unit cell under consideration. ‘For the superlattice~‘

;structure, P kg will be a function of both tantalum stoms and carbon
. atOms, and 80 Eq.»l is now written in the form “@ ‘ f:'f:,fu,},=“”
Lo n

: : : Qni (hx + ky iy ) R

Frxg = P (2 e oo e
. + ;
+ 2, (% Qni (hx kyJ + 4z )] lEq. 2

, 1 A PR

?‘superlattice cell size (those tantalum atoms enclosed by the super-i‘ :
f:lattice unit cell in Fig. 6). Therefore, ccarbon atoms must be added . =
~1,1n varying positions until & structure factor is obtained which is

.f compatible with all the diffraction data. As the structure factor is

E quite large due to the many tantalum terms, it was necessary to utilizeﬁ?if;if

I"an IBM 709h computer in order to solve the " various structure factors.

Y After numerous attempts, the structure factor Whlch was consistent

odd*integersfff;fﬁixgl -

The tantalum terms have already been determined by the choice of '}fi.;:“

iwith all the diffraction data ves. determined to be . :{>

, Fhkﬂ = | [T] + fc [C] | ” .: - | | — qu 3
e T 3'3ff 3f’”3 Ly g2y 'Tx"T ST hxky o zy ot
.where T = z 2 z ezf? ("E L + 1?) 4 z s I 231}§7T f o+ TT).i_ .

B



;Eqpation 3 ves written taking the tantalum atom at the origin of Fig. 6 '\
;as (OOO) . The fc terms correspond to a body-centered arrangement of .
;are the same &5 - those for the body-centered space lattice, viz.,

h + k + z even. for reflections present and h+k+ £ odd for reflec— Kffd
s tions absent. ;; P ;]"a “i o Zl.?'l ;_:i? j | _’“__”1 o
The superlattioe shown in Fig. 6 corresponds to an ideal composi-:'”_i

Htion of Ta6hc.:.Further a hard sphere model shows that by placing

“'and a slight contraction in the.[lOO]'and (001] directions7nust;occur.'=

e
'

fwas confirmed in other <100> patterns because ) definite, but slight

1contraction.of oné of the (gaoo)Bcc

j{in the.angle between (éllb)BCC vectors was observed.' Thesetobservations':»,i‘~

'imply that the - ratio cannot be unity.‘-;f

c. Superlattice Pattern Indexing

:pattern using the selection rules predicted by Eq,_3.- Pigure Sb shows
the indexed superlattice diffraction pattern, only the. strong first irfk'

and second layer relpoints of Fig. Sa are indexed. To index this

’as predicted by the structure factor eqpation.i The following expression,.

.utilizing a similarity matrix, can be used to make this transformation. ':il‘“

jcarbon atoms as shown in Fig. 6 The selection rules predicted by Eq. 3 -

:carbon atoms'in- 030 type.positions;anvexpansion in the [OlO].direction;v‘t‘r L
ltTherefore, the superlattice unit cell is tetragonal.u-The tetraéonalityf.f'f :
vectors,'and a,corresponding change 315.-"‘M

The final test of the structure is the indexing of the superlattice,‘.T L

pattern the tantalum indices must be transposed to - superlattice indices o




L A

uoo’ -
Kl = 040 k Eq. 4 ,
y oou4 |z o .

P igkkCare'ﬁust-beftakenAinfusing Eq. 4, for in some cases the BCC tantalum

?irelpoinblmiébt be riltedfoff'the reflecting sphere,vand thevcorresponding"
';’second iayer superlattice relpointbtilted onﬁo the reflecting sphere.

E.In these cases, and- certainly with all other superlattice relpoints,

:ikit is best to index patterns by using angular measurements and Ig!
L%ratioso As the structure is tetragonal it is necessary to know the E :
??ratio in order that reasonable angles and d spacings can be calculated.

v;¥,The Y ratio‘was'determined from Kikuchi lines (section IV D) to be 1.128.i

J'.IVa‘ BUIK SPECIMEN RESULTS AND INTDRPRETATION

~7

AL Microscopic Observations e
. . A .

As the superlattice structure in Fig. 6 was determined on the baSlS.

4or thin foil observations, it was necessary to compare the thin foil

;Sbehav1or with that of bulk specimens.< The composition of thevordered : fﬁ?jﬁf‘
;ﬂ};yé?structure is Ta6uC the bulk specimen alloyed to correspond to this E l

’ jq.;ffcomposition contained 1. 54 at.: % C(see. Table I) or a composition Ta66C
‘biiMicroscopic examination of this specimen, Fig. 7, showed & multitude

; of domain boundaries similar to“those reported forcimpureﬂNbTyand‘Tagii%%:

r ;The,domain boundaries were seen‘fo be highly mobile under éhe :‘;L:“}ner'
Fiheating effect of thelelectron beam. This made microscopic examination | |
F;difficult as’ low beam currents could induce sufficient heat to cause i: ) ?ni‘ll
f;the domain boundaries to migrate, and subsequently disappear. These

i{domain boundaries ‘move presumably because of the easy diffusion of : ;, ff! ;_;1

fiinterstitial carbon atoms. Upon lowering the beam current “the boundaries‘




;returned to approximatelyitheirvinitial positions, but the contrast
from the boundaries wes not as sharp, nor could tilting bring the
boundaries into better.contrast.ﬁi,aﬁ{;i,!i, ']ffgf~%* -

It was also observed that some domain boundaries were.more resistantf. .

,tb beam heating than others. In virtually all cases these boundaries fﬁ

;were found to be on or near [110]

AB Contrast from Domain Boundaries.:'ﬁ ._
A detailed -dynamical theory explaining the contrast from domains, o

fand the basic crystallographic conditions necessary for contrast have

:which is: separated into two regions by a domain boundary. Furthermore,.-
T; let the two crystals be tetragonal with c axes orlented normal to each _
;fother as ‘shown in Fig..8 resulting in [OOl] being the orientation of ffi;"
'crystal I and [010] the orientation of crystal IT. In effect, the N
?domain boundary divides the crystal into two wedged segments, with'the

ﬂ crystal structure differing slightly in dimension in each segment.

1; This slight difference in crystal structure appears in selected aree,

I gives a four fold cubic pattern, and crystal II gives a two fold -
-tetragonal pattern.f The superposition of these two diffraction patterns'

=8how a pairing of the Kikuchi lines and higher order relpoints. The

erences in extinction distances in ‘each segment (ii) & change in the
iphase angle at the boundary (iii) the ‘diffraction conditions in crystal

I differ from those in crystal II resulting in an excitation error.

The fringe patterns associated With domain boundarias are. different

1; been developed by Gevers et al. 9’ Consider 8 thin foil as in Fig.‘B,f”:f,

{ diffraction patterns taken a8cross domain boundaries. In Fig. 8, crystal .'yf"

'contrast associated with a boundary arises from three sources (1) diff-‘iﬁ;;:~f"i



‘ in dark field they are complementary with respect to the fringe at

_As the angle ¢ in Fig. 8 approached 0 degrees ‘the boundary

' - disappears, but as g approached 90 degrees the boundary appears as a o
%;1ine separating regions of opposite contrast. The latter case is‘i
é{visible in reglons A and B of Fig. 3, and in Fig. 7 for the (1io).:
.i'boundaries.‘;The contrast differences in Fig. T are not as evident.asn’

. Fige 3.

f@fﬁ;"p&}*f"'f lapping fringes are similar to the three cases of overlapping stacking

fffaults in rutile.ll The three possible configurations for overlapping
7 domain boundaries are shown in Fig. lO. ‘ - '

. C. Crystallography of Domain Boundaries

Efand-trace.analysis}z it is poss1ble to determine the plane of the

;'boundary .This was done for Fig,-T. If the conditions for observing

ffsemicoherent or. antiphase.- fkﬁo"iif; j'l"‘.. !‘45
- The coherent domain boundary is defined by a [110} plane, and is-,ﬁ

;ﬁenergetically the most stable.- This type of boundary is shown in 13*c

,p;‘fFig. ll as’ a (110) plane in edge view (in all the diagrams, squares

}
\
P R - . 9
¥
f

btfrom those of stacking faults, or twin boundaries.v In bright field the o

1 first and- last fringes from domain boundaries are non—complementary, and':

the surface of the foil ih bright field. This is shown in Fig. 9a, b.' a

In Fig. T and'Fig. 9 the domain boundaries are overlapping. Thebtff”"

l'nature of ‘the contrast effects in the central portions of these over= ;~“‘

10 -
From the diffraction geometry associated with domain boundaries, © .

domain boundary contrast are met and the plane of the boundary is known,;i
it is possible to construct a boundary model based on the superlatticezkif'i'g
structure. ‘When this was done, it was found that the resulting domainllll°.

boundaries could be classified into three general types-. coherent,"ti*t-”



ﬁrepresent tantalum unit'cells,and circles carbon atoms) On one side '

fdral positions, and on the other side as colored circles in 0~O octahe- ?i
;dral positions.' The resulting tetragonality is as indicated 1n the

; ' .
'small diagram in Fig. ll.. The formation of the boundary in Fig. 1l .can -
: 1

rbe described by the following shift involv1ng the carbon atoms .on one'f N

i

jside on the (llO) plane only ﬁ_f ‘
[P 5 ‘ 0 T R

-y <lOQ>_+ > <lOO>1fv—f <llQ>_ e ’i'-“""

xwhere a and cs ‘are the lattice parameters of the tetragonal super-

;lattice, and a, 1is the lattice parameter of the BCC tantalum.' Positions. ‘

feland b in Fig. ll define coherent domain boundaries.. The reaction for

'these positions would be rf

8. c ' a,

“"-,-P?‘?iti_",n_?, =.— [01o] + 2 [ioo] + 2 [110]
1_-,:,..1‘2 N - a.s » cs - B ’ ao —— . '
" “Position & ——t[OlO] + 5 [100] + ~—_[ll0]

In:the:coherent.domain boundary the tetragonal ¢ axes are coupled

'(intersect at the same point on the boundary), and the carbon atoms F
Lare in twin relationship about the (llO) plane (the carbon atoms are
'mirrored about the domain boundary) .For position L4 the boundary is as L
Lindicated in Fig. ll but for position 2 the boundary sbould be. shifted up.-i-
Positions l and 3 in Fig. ll describe the semicoherent domain |
:boundary.‘ The same general reaction that was used in describing the -

coherent domain boundary can be used in describing the semicoherent

L .



Ldomain boundary in Fig. ll. The two positions can be described by the f”&

'_foiiowing shifts

o e Position _1' = [01o] + -- [ ] -22 [w0] = .0~

or . _.l . ' ;

o - .‘a S e, :
Position 3 = [010] + —- [100] + -- [110]

S
%EIn this type of boundary the tetragonal c axes are. coupled, but’the
‘jcarbon atoms_are not mirrored about the (110) boundary,plane.l‘oncepf
ﬁ:againg the boundary is draun corréctly for position l,:but sbouid be ;
,,{;;irshifted up for p051tion 3',"f, o b. ff, o .ié ' |
o - The antiphase domain boundary is energetically the most unstable,‘a
3ﬁand is not confined to any particular crystallographic plane.i A (lll)

T Santiphase domain boundary is shown in Fig. 12.. This domain boundary

ifonewhalf of the boundary to opp051te octahedral sites, without changlng
‘;the carbon atom positions on the other side of the boundary. Figure 12 f;i
lk:1llustrates four possible positions. In this type of boundary there ':Ly‘
iﬂis no head to tail coupling of the tetragonal c axes, and the carbon

%:atoms are not mirrored about the (lll) plane.A -

. since they are not rigidly confined to a particular crystallographic

. plane. Thisg can be seen in Fig. T.

Do Determination of the E Ratio for Ta6hg
As was mentioned previously, the diffraction patterns associated
: 1,ff." '3p:;with domain boundaries showed a pairing of the relpoints, and the

;ffzff1liﬁbff,:associated Kikuchi lines._ It is possible to estimate the g ratio for

gflcan be produced by a 51mple_ a <llO> translation of carbon atoms on i;;f"'

It should be noted that some domain boundaries show mixed character, ﬂf ‘



';been described by Thomas.l3$'

'wis not an allowed BCC reflection, but is shown for convenience), and ~f
ﬁ?introduce some tetragonality along the [lOO] ax1s.' The (210) ~cubic

‘}vi51ble for higher order reflections. In Fig. 13, the‘angle~betWeen .
25(210) relpoint and the (210) relpoint is Ae, Therefore, the angle S

QBy substituting ¢ into the equation for the angle between two planes

'in the tetragonal system,;‘

T
Cd

The problem is to calculate A@ as accurately as possible, this v

’is done using paired Kikuchi lines. The Klkuchi line associated ‘with -

the superstructure from these paired relpoints, but for a more accurate
;jratio, Kikuchi lines should be utilized. The advantage of us1ng Kikuchif3

fflines to make angle and distance measurements, instead of re1p01nts, hasﬁ yf;

Figure 13 is a. diagram of reciprocal space in [OOl] orientation.@,,"’ o

‘“Consider an arbltrary relp01nt, say the (210) cubic (this reflection Lo

:relp01nt now: becomes the (210) tetragonal relpoint In the.case of"duff7"

‘:domaln boundaries, both the paired cubic and tetragonal relpoints are f:f

fthe [100] axis and the (210)C relpoint: is 60, & nd the angle between S

,.,.,'

:ibetWeen the (210) relp01nt and the [100] axis is . where g = e + Ae.,.j{;

R a,g .+". c : ) ;
o . - ' e e JEQe 5ot
.2 .2, 0 2 2, B\ Lo e R 2
hlv_+vkl.u,+h 2.° hy" o+ Ky ;ﬁl$;”z2 SU e

ltransmitted beam to the relpoint._ Thus, by simple geometry, and a8 f‘%t‘-i«T



-i-l6f;:fi' :

'ij; and (210)T relpoints intersect at an angle Ae. In the general case for ‘
M%:t paired Kikuchi lines it is necessary to utilize 8 stereographic projec-.'
iction in determining the angular relationships. df. :

F Figure lha ghows the diffraction ‘pattern associated with Fig. 7,

£ and Fig. 14b shows the analysis of this pattern. In determining the % p
%;ratio the 332 paired Kikuchi lines shown in Fig. lhb were used, and

L the = ratio was calculated to be 1.128.. The = ratio celeulated from. & .

"/;hard sphere model similar to Fig. 6 was found to be 1. 08 but this ratio 7;

;Ti 18 low because the_contraction along the ag axes_was neglected..

V.. DISCUSSION

i'A Thin Foil Observations g.' - f . '“zf:f Co . itf'

The ordering transformation is attributed to the alloyed 1nter-

' *7d stitial carbon, since a pure. tantalum f01l was subjected to the “same

treatments as the Ta-C specimens and no transformation could be: 1nduced,, o

Also, during microscoplc examination,there is bound to be the depositionv“i'f

A

.fleélof mlnute traces of carbon or other impurities from the vacuum system,
o |
:'but this would only accelerate the ordering transformation. Except
l\when beam heating was purposely done, the beam current and condenser
’;i.lllumination were. adJusted S0 that the spe01men temperature was kept to j”'
;fa minimum (<100°C), to ensure minimising effects from impurities dep0sited

. ‘on the specimen during examination."”

The ordering reaction has been attributed to comp051tion fluctua-j;

:;started in thin regions was verified by many - observations, the real

. 'question arises as_to why_it vas inltially restricted to these areas.

_vtions in the thin regions of the foil., The fact ‘that the transformation f ‘,'u.‘f



;influence of the beam heat 'carbon is caused to diffuse randomly throughe fii
’iout the specimen until the ideal ratio of carbon to tantalum (l 64) is V>
;achieved for the transformation to proceed.- Statistically, “the ideal :y{pbi
;carbon to tantalum ratio will be obtained first in the thin regions H
iof the foil.. The second p0381bility 1s that the minute traces of

::carbon!depositedqduring microscopicwexamination diffuse into the_.f”"”
:Fspecimen.' This added influx of carbon would have the effect of speea-j.dflgf
Jing up the ordering reaction in the thin regions as the amount of C
?interstitial carbon necessary. for the transformation is lowered. When
fthe microscope is . operated under normal conditions, the impurity pickup

ﬁfrom the “vacuum is insufficient £6 cause the transformation in pure _’ R

;tantalum foils. AR .1;,-". h.l" i: o ) » ., ﬁ‘iA
. In all cases, microscopy studies were performed on tantalum
;specimens alloyed with, previously predicted .solid. solution quantities i{f“
;of carbon.; As the. Ta6hc superlattice transformation could be induced
fin all. the specimens, the Ta-C phase diagram should be corrected to |
jinclude this compound. In all the spec1mens examined the Ta6hC structure 3
:was the only second phase material which could be detected.

“B. Determination of - TgSk—

In deducing the structure from electron diffraction date 1t 18

.necessary to avoid obtaining second layer relpoints.v To"ensure thisylﬁi.“

:,t is necessary that selected area diffraction patterns be taken-in ;":
. i - <L .
jexact orientation.J_'3 Only under this condition can meaningful angular P
vuand distance relationships be measured. By exact orientation, it is

;¢meant that the plane of the reciprocal lattice is parallel to the

,;Two possible explanations are immediately evident. FirSt under the‘fnvr-"”



b
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'Vf}lplane of the fOil * This orientation s’ most readily achieved with

'“:the use of a double tilt specimen stage. In a like fashion, for _'; -
_fobtaining maximum information from the image, it is best to "gun tilt" R

T\Q-into dark field.13 This ensures maximum contrast as the specimen is

"The TaGhC superstructure determined is & geometric model only, as ;:5'3
. the actual sites of the carbon atoms (octahedral or tetrahedral) were -
.,not established. =Results from the § ratio measurements indicate that

“f;the positions might be ocfahedral, but insufficient data are available.

' '”fWi@ments of selected ares diffraction analysis techniques, or by utilizing
:%‘field ion microscopy that thiS qnestion might be answered°_7’>WA 

e, Bulk Specimen Observations

”

The observed migration, and subsequent disappearance of a domain R
;;f,boundary during beam heating, can be explained on the ba31s of a simple

“i order-disorder reaction. The motion of tne boundary during beam heating '
vf?iS caused by the diffusion of interstitial carbon., As the temperatureci_;;
‘”:of the specimen is raised the diffusion becomes more repid &nd the.

‘“”order in. the regions adjacent to the domain boundary may be destroyed.3

.f%of the domain boundary...

1 the Foil 1is thick, the centers-of symmetry of Kikuchi and relpotnt | '

':Patterns coincide.-'_" T;f:ﬁ;igipﬂifu""

viv'now in exact Bragg diffraction conditions with a two beam case operating. o

" ’at this time to warrant such a claim. It is.possible With’futnre:refine—fv~:r”

}{”With this destruction of order is coupled the simultaneous disappearance 7rf‘nf«

o *Uhder these conditions the diffraction pattern is perfectly symmetrical.kv'ﬁl
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The disappearance of these boundaries by localized heating,sets

(f_up an energetically unfavorable situation which, upon lowering tbe

" is thought to be,associated,wifh internal stress fields set up by

'jboundaries were more res1stant to motion than others. This implies
thhat some boundaries are energetically more stable than others, and

fitherefore, require more energy to dissociate, Although'quantitative
' boundary models as the {110} domain boundary can be coherent. The
';;Mcoherent domain boundary is energetically the most stable.

'iu;ialso of interest. In regions with many overlapping domains, similar

the superlattice diffraction pattern is not reinforced due to the

different diffracting conditions from domain to domain. ;i;j

fi;f.beam intensity, is remedied by the,boundary'returning to its initial_uﬁn ;J'

'?i-configurationg ‘Thedreason for “the semidreversibility of this reaction:;ff

ﬂ:neighboring'domains'that have been unaffected by,the heat of the beam.“,F,:n

I was also observed that under. the influence of beam heating,some‘ii

f'measurements are difficult to make, the {ilo} boundary was the last toﬁf‘jf

‘ dissociate,in virtually all cases. This is in agreement with'the.domain d“

7The diffraction’phenomena associated with domain boundaries are -

!éto Pig, T, the absence ‘of a coherent superlattice diffraction pattern';i.

!is noticed, but in regiOns where the domains are more widely spaced,‘,
superlattice diffraction patterns were found. This can be exPlained R
when one considers the high degree of order necessary to produce a ;;bi ‘:ﬁ""ﬂ

superlattice diffraction pattern.; In regions such as shown in Fig. T;f;*"
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V‘I CONCLUSIONS R R SE
.“;31;_ Tantsalum alloyed with less than 3 at. % interstitial carboni under;" S

Edwent 8 two~stage interstitial ordering transformation during microscopy |

“_f; examination. The transformatlon was induced in the thin foil specimen :[!W
d;by heating w1th the electron beam. The first stage is the nucleationvf '
éiof small ordered domains, on {110}, in thin reglons of the foil., These
.:gsmall domains then grow, impinge, until the final stage of hlghly ordered
::rregions is, left.. n-ﬁ‘:lj'f< - "v’,v ‘d N -;[f i”_‘fn-'_g
11;12} The ordered structure was determined from electron diffractlon
'};f'analysis, and corresponded to a composition Ta6uC._ The superlattice,'h
hfiunit cell is tetragonal and 1s shown in Fig. 6. | | o B
= 3.‘ The E ratio for the ordered structure was determined from paired
.{.Klkuchi lines to be 1 128, S - fv
{h, Bulk specimens,alloyed to correspond to the compos1tion of the
'gordered structure,shOWed a multitude of ordered’ reglons separated by rfidvidt‘f
'tadomain boundaries. L ':f : '1',‘ f‘_dif:‘”u:tﬁ. B - h{3:i7?f;;;'
?5 Three types of domain boundarles aretposeible based‘on the ordered
jstructure-; coherent, semicoherent,and antlphase.;f*-dff;?jf: ?’iigi]?i{
j6.. The Ta—C phase diaénmnshould be modified to include the Taéuc | : 3f;2f;}:§
iordered Phase.- ' o ' [ R . :< i

i
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ordering
transformation observed in the microscope.m Ordering has taken -
place on {110] planes which are . 1mpinging.p The foil orientaf'f '

'tion is approximately [103]

The foil orientation is [110] _= y_j}. ;Mv_,;j: o
‘(b) Dark field image of the 002 reflection.w Note the improved
contrast compared to 2(a) as a result of gun tilting into

?

dark field.

'

*the boundaries are primarily [210) antiphase domain boundaries.:i

"v(a) Ta - 2 28 at. % C. This specimen shows & different

mately the same stage of ordering as Flg. 2. The foil-._ F

b) Dark field image (gun tilt) of the (110) refleetion;

(c) Dark field image of the (hQO) reflection,_‘




:(b’x.Analysislofftheinore proninentvrelpoints.in-(a);
:Structurelof'the‘superlattice Taéuc;t The,subscripta E,refenrflagiih .
Eto the superlattice unit cell vhere a_ . ha # c .. The _7ﬂ;‘ B
:1attice parameter of BCC tantalum is a .” The tantalum unit
?cells are shown as . squares.. The spheres represent carbon o
‘atoms in O—O octahedral positions, defining a BCT cell. .
%Domain boundaries :in Ta - 1. 5k at. % c after annealing bulk .
fmaterial 2l hours at lOOO C. The domain boundaries at A and B
fare overlapping, and the boundary at C 1s‘normal to the- surface lwi”
2of the foil. The foil orientation is approximately [253] -
chematic diagram showing ideal crystal geometry on’ either:fi

t':.side of a domain boundary for maximum contrast.

ffannealing 2h hours at lOOO°C. The foil orientation is - qu:
;ﬂapprox1mately [lll] | .y e ) :
-fDark field image of the L23 reflection. Note that the i
'extreme fringes of the domain boundary at A are black-\':
fwhite in bright field (a), and are both white i aark
Aifield. This proves that the top of the domain corres-{a;:fi 5:7'}

; ponds to the first white fringe.ffi»

fSchematic diagram of possible contrast effects from overlapping
tdomain boundaries. In case I the boundaries are not truly »
'overlapping, and there is an obvious contrast difference on ?f

i

either side of the domain boundary. In Flg. 7, the (111)

:domain boundaries show contrast similar to case - I, and the fw%,{{ jl}j;
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~_TIT. The assumed operating g for all the cases is to the

Fig. 11

Fig. 12

right.
Diagram of coherent and semicoherent domain boundaries. The

carbon atoms are shown as circles in octahedral sites, and

" the tantalum unit cells are squares. Positions 2 and 4
‘ define coherent domain boundaries, and positions 1 and 3
:vdefine semlcoherent domain boundaries. The tetragonality

‘associated with these boundaries is shown.

Diagram of a (111) antiphase domain boundary. The upper half

of the diagram shows a (111) antiphase domain boundary as

' seen down the [001l] axis. The lower half of the diagram

o shows ‘the (lll) antiphase domain boundary when folded into

Fig. 13

edge view. The carbon atoms are shown as circles in octahe-

‘dral positions, and the tantalum unit cells as squares. ‘Four

possible positions of the carbon atomé, which would yield a

(111) antiphase domain boundary, are indicated. The tetragon-

‘ality associated with this boundary is showm.

Diagram of reciprocal space in [00l] orientation showing the

- relationship between paired (210) relpoints and paired (210)

‘ 5}Kikuchi lines.

- Fig. 1l+_~.,

(a) Enlarged selected area diffraction pattern of- Fig. T

 ~\' showing paired relpoints and Kikuchi lines.

l’;kb) Analysis of (a)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
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or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report..
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mission, or employee of such contractor, to the extent that
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