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o #
R. BE. Villagrana and G. Thomas

Department of Mineral Technology, College of Engineering,
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ABSTRACT

The effect of inters;itiél carbon on the structure of tantalum
.was investigated-by-transmisSionlelectron microscopy and diffraction.
Interstitial.ordering was fouﬁd,'and the ordered structure was deter-
mined from computation and.comparison with electron diffraction data.
The superlattice structure is tetragonal, with a § ratio of 1.128, and
an ideal composition of Ta6uC.'

Since thé superlattice was determined from thin foils, 1t was
necessary to compare the thin foil results with bulk specimens, alloyed
- to correspond to Ta6hc' Microscopic examination of bulk specimens
showed many domain boundaries, separating regions ih which the
tetragonality associated with ordering was oriented in different
-directions. An analysié of these domain boundéries indicates'that,

there are three possible types: coherent, semicoherent, and antiphase.

*¥0n leave 1964-65 in the Miller Institute for BasicvRésearch, _'H

University of California,'Berkeley, California.
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1. INTRODUCTION.
Although macroscopic studies have been made of the phyblcal'

properties of solid solutions of 1nterst1t1al selutes, such as H, C,

) N, O in the Group VB body-centered cubic metals, little is known about

the microstructure of these alloys. As mechanical properties are -

strongly structure dependent, an understanding of the behavior of these '

alloys necessitates a knowledge of the structure under investigation.
In the past two years, evidence has been obtained by transmission

electron microscopy which suggests that the interstitials cccupy

preferred sites, resulting in "interstitial ordering.”

‘The use of x-ray‘diffractionrto study such ordering is limited by

" the relatively low scattering power of the interstitial elements (H, C,.7

, O), and because relatively large volumes of crystal are irradiated.

As electron diffraction intensities are about lOu times greater than
~ those of x-rays, and because selected area diffraction can be done on

_ relatively small volumes of crystal (~1 pS),,detection of interstitial

ordering is more likely by eleetron diffraction than by xfray'diffrac—

tion. Therefore, transmission electron microscopy studies coupled with

selected area diffraction techniqnes present an excellent means for

practical with conventiohal x-rey diffraction technigues.
In an 1nvest1gatlon of the effect of interstitial N in Ta,

Seraphim et al.[1] were the- flrst to attempt to correlate transmission

electron mlcroscopy observations with interstltlal ordering in the

' Grogp VB metals. Seraphim et al. proposed an ordered siructure Ta27N

“

e v e
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oﬁ the'basis of x-ray Weissenberg camera investigations; Van'Torne

" and Thomas [2], and more recently Van Landuyt [3], have made detailed
electron mieroscopy studies on the phase transto nation induced by
interstitial O in Nb. These workers observed that ordering followed

-

" by a definite phase transformation to FCC NbO occurred. With the aid
“of hot stage microscopy and ciné techniques, Van Torne and Thomas were

able to determine the temperature at which the transformation occurs.

" Ordering of interstitial hydrogen in tantalum [4] has also been suggested,

- but so far the structires of the ordered alloys have not been reported.
In thls 1nvest1gatlon the effect of interstitial carbon {(up to
2. 9h at. %) on the structure of tantalum was stualeu by transmission

electron microscopy and diffraction.

2.t EXPERTMENTAL PROCEDURE
'2;1'.Specimen Pfeparation
High purity single erystals; 0.6 cm diameter by ld_cm in length,

.{Vere grown in an electron-beam zone refiner'froﬁ commercial £ anta lum
\red stock;"Specific‘resistivities were meaeured (the ratic from Liquid
He to room temperature ﬁas 10 ), and from these data the ratio of
 f'1nterst1t1al impurities to tantalum atoms were calou;stou (5] to be 10-9{
:The single crystals Were.carefully rolled into strips 6 - 10 mils in.

.,thickness, washed‘withu@ethyl alcqhol; and esnneealed at\l300°C fer 5

'ehours in dytamic vacuum of abproximately J.O"-6 ma Hg. At this point
'foilslwere'examined in the‘electreﬁ micrescope to determihe if'any
:orderiné transformation had occﬁrred due‘to pessible imturity pickup,

or if any transformation could be induced. In no case wes any trans-

formation detected, nor could any transformation be induced by besm
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heating in theimicroscope. Tﬁis implies that the impurity,pigkup was
negligible.during thevrolling and annealihg opérations. |

' Afﬁer annealing, the tantalum strips were cleaned by dipping in
hydrofluoric acid (48%), and then washed with methyl.alcohol. At all
- stages extréme caution was exercised in the handling of the sﬁfips in -
- order to avoid c§ntamiﬁation. -

Thé clean tantalum strips were weighea on a Mettlef type BC 1000
‘substitution balance to an accura¢y bf:i 0.1 mg% They were then trans;
| ”;;ferred to a vacuum evaporator, whefe a thin_film:of carboﬁ was deposited

. ?pn one surféce'of the metal. fThé s?eciﬁehs.weré theﬁ placed in the.
: r'ya¢uum furnace, and the carbon allowed to diffuse into the tantalum at
variousvtiﬁes énd‘téﬁpéfatﬁres;, After‘treétment, fhe specimens were
removed and reWeighea,‘the difference in weiéht being equal to the .
:'amount of‘carbon‘taken up by ﬁhe tahtélum. Table I summérizes the

~carbon content, and the various heat treatments for each specimen.

TABLE I
At. % Annealing - Annealing  Vacuum
Carbon Temp. °C - Time Hr. . mm Hg.
154 1000 .2k ~ 1070
1.2 1000 B 48 x 107
2.28- . 1300 - 2k x 107°
2.9 . 1500 2k ~ 1070

2.2 Preparation of Electron Transparent Foils
Thin foils suitable for transmission electron microscopy were

prepared by chemical polishing in & soluticn of 50 vel. & hydrofludrié
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4acid and 50 vol. % nitric acid. The specimens wefe held in the polish-
ing solution for five minutes, washed with methyl alcohol to remove
_ surface films, then replaced.

While polishing, the specimen was periodically examined with an
optical microscope. If etching was detected then the polishing
solution was altered by £he addition of more nitric acid.

2.3 Microscopic Investigétion : N

Transmission electron microscopy and sglected area diffraction

.investigationéAwere done in the usual way in a Siemens Elmiskop 1
electron microscope.

ThelTa-C specimens.were fifst examined in the microscope under
conditions.in.whiéh the transformatién could occuf during cbservation.

 The transformatibn wés induced by regulating the electraon beam to heat
" the foilﬂ This procedure offered more control over the reaction rate
than puise'heating (removal of the condenser aperture).

Observations on bulk specimens, which had been transformed outside
‘the microscope, wére made using'the double tilt épecimen stage. This
was necessary to investigate.the nature of the contrast and to facili-

- tate interpretétion of the diffraction patterns.

“3; THIN FOIL RESULTS AND iNTERPRETATION
3;1 'Microscopic QObservations _
" AsArepofted by Van Torne &and Thomes (2], and Van Lénduyt.[S] for
- NbO, fhe'thiﬂ foil or&érihg transformation ébserved in the present work
voccurfed in two disfinét steps. As a résult of heating by the electron

beam, thin regions of the foil were observed to transform with the

A} o

simultaneous formation of discrete nuclei, whose habit planes‘were {110}.

o

SR
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An example is shown in Fig. i. "This nucleatiocn process was observed te
take place homogeneously; probably due tc carbon composi?ion fluctuations
-in the thin refions of the foil. These small domains then grev until
they impinged{ a8s shown in Fig. 2. |
The final stage of the ordering tranéformaticn'dccurred with the
formation of highly ordered regions separated by coherent and antiphase
domain boundaries. The fransition period from impingement tc the highly
.ordered final stage is shown in Fig. 3. The final stage of the trans-
formation is-shown in Fig. 4. In Fig. 4 the boundaries at Afand B are
ccoherent domain boundaries (the nature of theée boundaries  will be
~-discussed in tﬁe next section) on (110) and (110), respectively. At C-
the boundaries are primérily {210} antiphase domain boundarics.
AThe transfofmation does not always proceed in this maﬁner, but
'sometimes>appears té be, subjec£ to thevmorphology of‘the tantalunm
"'Surface, e.g. in Fig. Sa,'b, c.. The transférmation in Fig; 5a has not
:quite gone to'completion, as.the diffraction pattern showed only the

initial stages of superlattice formation.

3.2 Structure Determingtion of TQSACF
.From‘selected area diffraction pattérns thained in regions similar
“to that of Fig. 4 it becéﬁe apparent‘that an ordering process had taken.
.place. -This‘was deduced because, besides tﬁe primary tantalum diffraéf‘”
tiop pattern, there was also the supefposition of a second, smaller
spaced, diffréction pattern corresppnding £O'a superlattice'strucéuref
The problem is to construct from the superlattice diffraction pattern

the superlattice unit cell. Because of the inherent difficulties in

correlating intensity calculations with selected area diffrection data,

Fp ey o= 1 ¢+

v



R S

8 variatién of.the algebraicb methods descriﬁed.by Vainshtein [6] wefe
utilized. Using such algebralc methods it is only possible to derive
geometric structures,‘and not precise afomic coordinates. A model was
-_coﬂstructed whose associated structure facfor éccounted for all super-
lattice reflections either bresent or absent. The actual structure
: determination involved fhe analysis of many sélected area diffraction-
patterns; and tfial and error attémpts to.construct a model compafibié
:with these diffraction data. The diffraction pattern associated with.
Fig. 4 is enlarged and shown in Fig. fa. This pattern‘contains enough
data to illustrate how the structure was determined.

Figure 6a shows a [001] BCC tantalum pattern tilted slightly

about [200], with a superlattice diffraction pattern superimposed. In

this diffraction pattern first order superlattice relpoints are spaced

ﬁarallel to (110) and (110)

BCC BCC

This'implies that in real space there are superlattice planes parallel

BCC
there are first order superlattice planes parallel to {QOO}BCC each at

. to {110} at a 4 spacing four times that of (llO)BCC. Similarly,
a d spacing four times that of (EOO)BCC. Considering these facts, it
"is concluded that the superlattice unit cell should be approximately‘

equal to four a, on edge, where ao is the lattice parameter for BCC

tantalum. It is next necessary to locate the positions of the carbon .-

atoms in relation to the superlattice unit cell (defined by tantalum atoms).

The basic structure factor equation for_unit'cells containing n

. atoms of the same kind can be written-

n ' . .
2ni (hx + k + Lz
Fhkz = f fn e ( n Yp * ¢ n) _ Eq. 1.

relpoints ‘at a distance of 1/4 (éllO)BCC.

ot
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where fn is the atomip scaﬁtéring factér, (hkz).the Miller indices,
and (xn Y, z#) the atomic c§ordinates. The indicated sum is carried
out over the unif cell under céhsideration._ For the superlattice
‘strﬁCfure, F will be a function of both tantalum atoms and carbon

0 T _
atoms, and so Eq. 1 is now written in the form

. n ' . .
_ o 2ri (hx_ + ky + 4z_)
Fhkz ~.fTa [ile _ n n n’]
ez I o2l (hxj +kyy zzj)] Eq. 2
- L

. The tahtalum terms have already been tentatively determined by‘thé
choice of superlattice cell size. Therefore, éarbén atoms must be added
iﬁ'vafying positions until a structure factor is ébtained wnich is
 vcompati5le with all the diffraction data.  Since the structure factor
is quite large, due to the.many tantalum terms, it was convenient to
'.utilize.an IBM 709& cbmputer in solving the various structure factors.
After'numérous attempts, the structure factor which was consistent
ﬁith all the diffraction data was determined to be |

[c] . - ;~Eq- 3

_ (] 4
Fpxg = fpg (T + 1o
. ,hx ky
3 3 .3
. Where T = .z 82#} (_E'- g g g 2 ( 7; %r>
X=0 y:O Z=0 ] . X"l y_l Z= 1 B
o ok . . /s Y 0odd integers .
and C = 2“1 (8) + 2“1 (5 + _)' . - ~

In Eq 3 the £, terms correspond to a body-centered arranvement of

-C
carbon atoms. The selection rules predlcted by Eq. 3 are the same as
those for the body-centered space lattiée,:viz,, h+k + £ even for

" reflections present, and h + k + £ odd for reflections absent,
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Figure T shows the superlattice; the spheres represent carbon atoms
in O%O octahedral positions aﬁd the squares are BCC tantalum unit cells.
iThe superlattice corresponds to an ideal composition of Taéuc. A hard
sphere model, similar to Fig. T, shows that by placing carbon atoms in
O%O type positions an expansion in the [01l0] direction, and a slight
contraction in the [100] and [001] direétions must occur. Tﬁerefore,
the supeflattice unit cell is"tetragonal. The tetragonality was con-
~firmed in <1O00> patterns because a definite, but slight, congraction of
one of_the (é200>BCC vectors, and a corresﬁonding chahgg in the angle

‘between (éllO)BCC vectors was observed. These observations show that

"the g-ratio cannot be unity.

* 3.3 Superlattice Pattern indexing
Figure 6b shows the indexed superlattice diffraction pattern using
the selection rules predicted by_Eq. 3. Only the strong first and
éecoﬁd layer felpoints of Fig. 6a are indexed. To index this pattern
the tantalum indiées must be transposed to superlattice indices as
prédicted by the structure factor equation. 'The following.expression,

utilizing a simiiarity matrix, can be uséd to make this transformation.

|

Infl ||t 0o h
,k:-ouo lk Eq. L
. zs OO0 L zTa .

' Care must be taken in using Eq. b, for in some cases the BCC tantalum

‘relpoint might be tilted off the reflecting sphere, and the cdrresponding

" second layer superlattice relpoint tilted onto the feflecting sphere. It~

is thus very impoftant to tilt the foil into exact orientation to avoid

Jdifficulties in indexing. As the structure is tetragonal, it is
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-spacings can be calculated.

" nor could tilting bring the boundaries into better contrast.

-0«

necessary to know the § ratio in order that reasonable angles and d

The § ratio was determined from Kikuchi

lines (section k4, L.4) to be 1.128.

L. BULK SPECIMEN RESULTS AND INTERPRETATICN
L.l Microscopic Observations

As the superlattice structure in Fig. 7 was determined on the basis

“of thin foil observations, it was necessary to compare the thin foil
-behavior with. that of bulk specimens. The compositibn of the ordered

v'structure is Ta6uC, the bulk specimen alléyed to correspond to this

' composition contained 1.54 at. % C(see Table I) or a composition Ta66C.

' Microscopic examination of this specimen, Fig. 82 showed a multitude

of domain boundaries similar to those reported for impure th?] and Té[S]f

The domain boundaries‘were observed to be highly mobile under the
heating effeét of the eiectfoh beam. This made.microscopic examination
difficult; as low beaﬁ currents céusedufhe'domain“boundaries;to:migrate,
and subsequently ﬁisappear.' These domain boundaries move presumably

because of the easy diffusion of intgrstitial carbon atoms. Upon

lowering the beam current, the boundaries returned to approximafely their

initial positions, but the contrast from the boundaries was not as sharp,

-~

It was also observed that some domain boundaries were more resistant

to beam heating than 6§hers. In virtually all cases thése boﬁndaries

were found to be on or near {110]. - : o L

k.2 Contrast from Domain Boundaries

‘A detalled dynamical theory explaining the contrast from domains,

§ M ey o 3 vt e =i e o oo
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and the basic crystallographic cbnditions necéssary for contrast,.have
been developed Ey devers et_al. [9,10]. Consider a thin foil, as in-

Fig. 9, which is separated into éwo regions by a domain boundary.
Furthermore, let the two cryétals be tetragonal with ¢ axes oriented
normal to each other as shown in Fig. 9, resulting in [001] being the
orientation of crystal I and [010] the oriéﬁtation of crystal II. Iﬁ'
effect, the domain boundary divides the crystal into tyo wedged segments, .
with the crystallstructure differing slightly in dimension in gach ségment.
This slight difference in crystal structure appears in selected area |
vdiffraction patterns taken across.domain boundaries. In Fig. 9, crystal

I gives a four fold symmetrical cubic diffraction pattern, and crystai II
,giveska two fold tetragonal diffraction pattefn. ‘The superposition of
these two diffraétion patterns results ip pairing of the Kikuchi lines

and higher order relpoints.. The contrast associated with a bouhdary
arises from three sources (i) differences in extinction distances for
reflections of the same indices in each segment (ii)Aa change in the

phase angle at the boundary (iii) the diffraction conditions in crystal T
differ from those in crystal'II; resul£iné in a difference in the devia- |
-ﬁion parameter s oﬁ either sidé'of thé domain boundary.

The fringe patterns associated with domain boundaries are different

from those of stacking faults, or twin boundaries. In bright field the~- -

fiﬁst and last fringes from domain boundaries are'asymmetrical, and in

'.dark field they are symmetrical with respect to.the fringe at the

surface ‘of the foil in bright field [9,10]. This is shown in Fig. 10a,b.
As the angle g in Fig. 9 approaéhes Zefo the boundary disappears,

and as ¢ approached 90 degrees the boundary appears as a line separating

e

e e
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regions of opposite contrast. The latter case is visible in regions A
and B of Fig. L4 for the {110} boundaries.

In Figs. 8 and. 10 the domain boundaries are overlapping. The
natﬁre of the éontrast effecté in the central portions of these over-

lapping frihges are similar to the three cases of overlapping stacking

. faults in rutile [11]. The three possible configurations for‘overlapping

domain boundaries are shown in Fig. 11, and‘all three types are prgsent
in Fig. 8; | |

The overlapping domain boundaries in Fig. 10 show an interesting
contrast effect. :In'Fig. 10 the bbundaries-appeaf-to be type I (see

Fig. 11), but the dark field image does not show the contrast expected

- for type I boundaries (the extreme fringes appear.to be asymmetrical).

Actually, the boundaries are type II, as indicated at A and B in Fig. 10a,b.

The region of overlap of two domain boundaries can show three tyﬁes of

contrast: dark, light, or fringes. The naturerqf the'contrést in the
region.of overlap depends on the relati&e separation 6f the two domain
Boundaries.

The domain boundaries in Fig. 10 show a defihite change in contrast
in the overlap region (except for the.extreme fringe#).‘ This change
ih coﬁtrast igdicates that the distancé bétween overlapping démain

boundaries is constantly changing. The changing distance be@Ween domains*

-~ boundaries indicates'that the boundaries are not rigidly confined to s

crystallographic plane. .This conclusion is confirﬁed by obsefvations

of boundaries making largekangleéu(¢-=ﬁ90°)tto the.foil isurface’ such as in’

 Fig. 12.
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h.3. Crystallography‘of Domain Boundaries

» From-the diffraction geometry associated with domain boundaries [lO],
and trace anélysis;[lg], it is possible to determine the plane of the
béundary.' Tﬂis was aone for Fig. 8. .If the conditions f;r observing
domain boundary contrast are met and the plane of the boundary is known,
.it is possible to castruct a boundary model -based on the superlaﬁtiqe
étructure. When this was done, it was found that the resulting domain
| boundaries could be classified into three general typés: coherent,
semicoherent, or antiphase.

The coherent domain boundary is defined by a {110} plane, and is
V  energe?ically the most stable. This fype of bogndary is shown in
Fig. 13 as a kllO) plane in edge view (in.all the diagrams, squares
brepresent.tantalum unit cells, and circles carbon atoms). On 6ne side
'pf this boundary the atoms are pictured as~open-dircles in %OO oétahedral_
positions, and on the other side as shaded circles in 030 octahedral
positions. .The resulting tetragonality is as indicated in ﬁhe upper
diagram in Fig. 13. The formafion of" the boundary in Fig. 13 can be .'
dgscribedvby the following shift involving the carbon atoms on oﬁe

_ side of the (110) plane only.

a ’ c a

s S _- o . .
> <100> + 5 <100> + 5 <110> o

vhere as and cs are the lattice parameters of the tetragonal super-
laﬁtice, and ag is the lattice parameter of the BCC tantalum. Positions
2 and L in Fig. 13 define coherent domain boundaries. The reaction for

these positions would be




[01o] + % [Ioo] + %o [110]
3 . )

Position 2 _E
or :
- a c a

Position & —5"[0101 + = S [I00] + -—° [iio]

]

In the coherent domain boundary the tetragonal c axes are coupled
(intersect at the same point on the boundary), and the carbon atoms
- are in twin relationship aboub the (110) plane (the carbon atoms are
mirrored about the domain boundary). For pos1tlon I the boundary is as
1ndlcated in Flg. 13, but for pos1tlon 2 the boundary should be shifted up.
Positions 1 and 3 in Fig. 13 describe the semicoherent domain
iboundary. The same.general reaction.that was used in describing the
coherent domain boundary can be useddin describing the senicoherent

“domain boundary in Fig. 13. The two positions can be described by the

Acfollowing shifts

as. Cs _ 8.0 -

i

Position 1

" or
o as : C. ao -
Position 3 = - [010]'+ -2 [I00] + - [1I0]

I

In this type of boundary the tetragonal ¢ axes are coupled, .bub the
ycarbon atoms are not mlrrored about the (110) boundary plane Once
"'agaln, the boundary is drawn correctly for position 1; but should beh

shlfted up for p051tlon 3.

The antiphase domain'boundary is energetically the nost unstable,
and is not confined to any particular crystaiiographic planeu 'A (111)
anfiphase domain boundary is shown'in'Fig}.lh. Tbis domain boundary
can be produced by a 51mple a, <110>. translatlon of carbon atoms on

‘one-half of the boundary"to opposite octahedral'51tes, without changing
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thé carbon atoﬁ positions on tﬁe other side of the boundary. +Wigure 1h
. 1llustrates four possible positions. In this type of boundary there
is no head to tail coupling of the tetragonal ¢ axes, and the qarbon
atoms are not mirrored about the (111) plane.

In the previous section it wés shown that domain boundaries are
not necessarily confined to a particﬁlar cerystallographic plane (e.g.
Fig. 12). Thus, the type of boundary (coherent, semiéoherent, or

antiphase) can vary since its plane may change along the length of the

bouﬁdary.

4.h Determination of the‘g Ratio for Ta6uC

Ag discussed earlier,'the diffraction fatterns taken across domain
- boundaries showed a pairing éf the relpoints, and the associaﬁed Kikuchi
lines. It is pbssiblé to estimate the % ratio for the-superétructure from
: these pairedvrelpoints; but for a more accurate_ratip;vKikuchi.liges
shéuld be utilized [13,14].

Figure 15 is a diagram of reciprocal sﬁace‘in {001] orientation.-
Consider an arbitraryﬁrelpoint,‘say ﬁhé (élO).éubic (this reflection
is not'an.alIOWed BCC reflection; but is shown for convenience), and
" introduce some tetragonality along thé [lOQ]‘axis{ The (EiO)C Cubié
relpoint now becomesvthe"(ElO)T tetrégonal relpoint. In the case of
domain boundaries, both the paired cubic and tetragonal relpointsaare
‘visible for higher order reflections. In Fig. 15, the anéle between
the [100] axis and the (2lO)é relpoint 15 9, and the'aﬁgle between
vthe (lezzrelpbint and the (ElO)f reiédint‘is A8. Therefore, the angle

between the (210)T relpoint and the [lOO}‘axis is o, where a = 6 + AB.

-



-15-

By substitﬁting o into the equation for the'angle between two planes

in the tetragonal system,

| B, B, +k k . 2 £2
5 B
CcCOos @ = a, C 5
) 3 5 5 . 1 .
0% kg . 2 n,% o+ kg 2, \ 5
) 5 5 2
a C &a

it is then possible to solve for the % ratio directly.

The problem is to calculate AG as accurately as pessible} this is
done using paired Kikuchi lines. The Kikuchi line»associeted with a
given relpoint is normal to an imaginary line extending from the trans-
mitted beam to the relpoint. Thus, by eimple geometry, and as shown in
Fig. 15; the paired Kikuchi lines associated with the (elo)c and (210)T
-relpoints intersect at an angle A9. In the general case fof paixred
Kikuchi lines it is necessary to utilize g stereographic projection
in determining the angular relationships.

Figure 16z shows the diffraction pattern associated with Fig. 8,
and Fig. 16b shows the analysis of this pattern. in-determining the %
"ratio the 332 paired Kikuchi lines shown in Fig. 16 were used, and

the § ratio was calculated to be 1.128. The § ratio calculated from a

~hard sphere model similar to Fig. 7 was found to be 1.08, but this ratio

is too low because the cohtracﬁion along the a, axes was neglected.

>. DISCUSSION '
5 l Thln F01l Observatlons
The ordering transformatlon is attributed to the alloyeéd inter-
stitial carben,'since a pure tantelum‘foil was subjected to the same

treatments as‘the Ta-C specimens and no transformation could be induced.
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Also, during microscopic examination, some.deposition of minute'trgces
of carbon or other impurities from the vacuum system probably occﬁrs,
but this would only aéceierate the ordering transformation. Exqept
wheh beam heating was purposely done, the spot size, beam current and .
condenser illumiﬁation were adjusted SO that the specimen tenmperature
was kept to a2 mininum (<10¢°C), to ensure minimizing effects from
impurities deposited on the specimen during examinatiop.

The ordering reaction has been attributed to composition fluctua-
tions in the thin regioné of the foil. Thevfact~£hat the transformation
started in thin regions was verified by many observations; the real
question arises as to why it was initially restricted to these areas.
Two possible explaﬁatiohs are immediately evident. First, under the ‘ 3
influence of béam heating, carbon diffuses throughout the specimen

until the ideal ratio of carbon to tantalum (1:64) is achieved in some

areas for the transformation to proceed. Statistically, the ideal

carbon to tantalum ratio. will be obtained first in the thin regions

of the foil. The second possibility is that small traces of impurities
deposited- during microscopic‘ekamination diffuse into the specimen. - B i
This added influx of carbon would have the effect of speeding up the

ordering reaction in the thin regions as the amount of interstitial

carbon necéssary for the transformation is lQWered. Wnen the micro- ~~-
scope is operated under normal conditions, the impurity pickup from
the vacuum is insufficient to cause the pransformétion in pure téntalum
folls prepared frbm zone refined crystalé.

In all cases, microscopy studies were pefformed on tantélum

specimens alloyed with, previously predicted, solid solution quantities °
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" of carbon. ABecauée the Tay)C superlattice transformation could be induced
in all the specimens, the Ta~C phase diagram should be correcﬁed‘tb'
include this phase. In all the épécimens examined the Ta6uC étrﬁcture

was the only second phase material detected.

5.2 Determination of Ta)C
In deducing the structure from electron diffraction data it is

necessary to avoid obtaining second layer relpoints; _Tb ensure this;
selected area diffraction patterns should be taken in exact orienfa-.

tion [14]. Only under this condition can meaningful angular and distance‘
relationshipslbe measured. By exact orientation, it is meant that the
foil piane (and hence the plane of the reciprocal lattice) is éxactly
norma} to the incident beam.* This orientation is most readily achieved
‘with the use of a double tilt specimen stage. 'Similarly, for obtaining
‘maximum contrast information from the image, it is best to "gun tilt"

into dark field at s close to zero [14]. This ensures maximum contrast

as the specimen ié now in exact Bragg d;ffraction conditiqns with.a two
beam case operating.

The Tg6hC superstructure determined is a trial struéture; the

actual sites of the cgrbon atom (octéhedial oritetrahedrél) were not
.establisﬁed; HOWever{ the results from thé-% ratio measureﬁents

indicate that the positions are octahedral.

¥Under these conditions the diffraction patﬁern is perfectly symmetrical.

" If the foil is thick, the centers of symmetry of Kikuchi and relpoint

patterns coincide [13].
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5.3 Bulk Specimen Obsefvatibns

The obsérved migration,.and subsequent disappearance of a domain
bdundary during beam‘heating, can be explained on the basis of a'simplé
order-disorder reaction. The motion of the boundary during beanm heating
is caused by the diffusion of interstitial carbon. As the temperaturé
of the specimen is raised, the diffusion becomés more rapid and.the
ordér in the £egions adjacent to the domain boundary may be destroyed.
With this destruction of order is couﬁled theusiﬁultaﬁeous disappearance
of the domain boundary. - |

The disappearance of these boundarieé by localized heating, sets .
ﬁp an energetically_unfavorable situation which, upon lowering the
- beam intensity, is remedied by the boundary reﬁurning to its initiai
configuration. The reason fornfhé semi~reversibility of this reaction
" . is thought to be associated with internal étress fields set up by
neighboring domains that have been unaffected by the heat of the beam.

Tt was also observed ‘that under the influence of beam—heating, some
bouﬁdaries were more resistant to motion}than others. This implieé
that some.boundariés are energetically more stable ﬁhan others, and
.-therefofe, require mofe energy to diésociéte. vAlthough quantitative
‘ measurémgnﬁs are diffiéult to make, the {110} boundary was the last to
dissociate iﬁ virtually éll cases. This is in agreement with the-domain
boundary models as the [llO} domain boundary can be coherent. The‘
coherent domain boundary is energetically the most stable.

" The diffraction phenomena associaﬁed'with domain boundaries are

also of interest. In regions with many overlapping domains, similar

to Fig. 8, the absence of a coherent superlattice diffraction pattern
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is noticed; but, in regions‘where the domains are more widely spaced,
superlatticé diffraction patterns were found.: This can be expiaiped
when.oné considers the high degreé of order necessary to produce a superf
lattice diffraction pattern. In regiéns such as shown in Fig; 8, the
éuperlattice_diffracfion pattern is nof réinforcéd; due to the different

diffracting conditions from domain to domain.

6. CONCLUSIONS
1. Téntalum allqyed with less than 3 at. % interstitial carbon, under-
vent a two—stage_interstitial'ordéring transformation during microscopy
examination. The transfbrmation was induced in the thin foil specimen
by heating with fﬁe electron beam.A The first stage is the nucleation
of small ordered démains, on'{llO}, in thin regions of the foil. These
small domains then grow, impinge, until the final stage of highly ordered
regions ié left.’
2. The ordefed strucfure was deterﬁiﬁed erm.electron diffraction analysis, -
.and corfesponded to a composition Tg6;C.. The superlattice unit cell is
tetragonal and is shown in Fig. T.

3. The i-ratio for the ordered structure was determined from paired .

Kikuchi lines to be 1.128. : L

4, Bulk Specimens, alloyed.to correspond to the composition of the ordered

structure, showed a multitude of ordered regions. separated by domain bound-

aries.

5. Three types of domain boundaries are possible.based on the ordered
structure:  coherent, sémicoherent, and antiphaée.w
. o L ‘ . o . .
6. The Ta-C phase diagram should be modified to include the Ta6hC ordered ‘

phase.
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T. The existence of domains in the refractory metals containing inter-

stitials must certainly affect the mechanical properties, e.g., the duc-

tile-brittle transition. The.transport properties such as superconductivity’

may also be related to the domain structure. Experiments are now in pro-’

gress to investigate the effect of ordering on these properties.
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- Fig. 1

Fig. 2

‘ Fig; 3

Fig. b4

Fig. 5

Fig. 6

(b) Dark field image (gun tilt) of the (110)
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Ta - 2:28 at. %C showing initial stages of ordering induced by

beam heating in a thin region of a thick foil. The domain

boundary planes are {110}. The foil orientation is approxi-

 mately [100].

~ Ta - 2.94 at. %C showing striations due to ordering on {110}.

The striations are domain boundaries which are impinging. The

foil orientation is approximately [I03].

Ta - 1.82 at. %C showing an intermediate stagé of the ordering

transformétion observed in the microscope. The foil orienta-
tion is [I10]. L
Ta - 1.82 at. %C showing the highly ordered, final stage of the

transformation. The boundaries'at A and B are coherent domain

boundaries on (1I0) and (110), respectively. At C the bound-

aries are primarily {210} antiphase domain boundaries. Orienta-

tion [001].
(a) Ta - 2.28 at. %C. This specimen ;hows a different mor-

. phology of transformation, probably a result of fhe initial
surface Qonditigp¥of the foil. From the diffraction pattern
it appears to be at approiipately the same stage of Qrdering
as shown in Fig. 3. The foil orientation is [001]-

BCC reflegtlon.'

-~

{c) Dark field image of the (hQO)S reflection.

(a) Enlarged selected area diffraction pattefn of Fig. , .
showing superlattice relpoints.

(b)  Analysis of the more prominent relpoints in (a).




Fig. 7

Fig. 8

-2k
Structure of the superlattice Ta6hC. The subscript s refers
to the superlattice unit cell, where a ¥ uao # c . The
lattice parameter of BCC tantalum is & The tantalum unit
cells are shown as squares. The spheres represent carbon atoms
in 030 octahedral positions, defining & BCT cell.

Domain boundaries in Ta - 1.54 at. % C after bulk annealing

2k houfs at 1000°C. The overlapping domain boundaries at A and B .

- are on (103) and (1I1), respectively. Three cases of overlap

Fig, 9

Fig. 10

(see Fig. 11) are circled.

'.Schematic diagram showing crystal geometry on either side of

domain boundary for contrast.

(a) OVérlapping domain boundarieé in Ta - 1.54 at.‘% C after
annealing 24 hours at_iOOO;C; The foil orientation is
approximately [ill]. j -

(v) bark' field imaé;e (gun tilt) of the 133 reflecﬁion._ Note

' thaﬁ the extreme fringes of the domain boundary at A énd
B are asymmetrical in Bright fieldv(a), but syﬁmetrical
in dark fielcvl."m_flrhis proves that the top of the domain
cofresponds to the first white fringe for Aiandbthe first
dark fringe for B. |

Schematic diaéram ofvpéssible contrast effecﬁs,from overlapping

dbmain Boundaries. In case I the boﬁndaries are not‘fruly -

éveriapﬁing, and there is>aﬁ obViousvéontrast diffgrencé on

either side of each domain boundafy.' In Fig. 8, the (11I)

domaiﬁ boundaries show contrast éimilarAto case I, and the.

(102) domain boundaries show contrast similar to cases II and

III. The assumed operating Z for all the cases is to the right.



Fig. 12

Fig. 13

Fig. 1k

Pige 15

Fig. 16

D5

Ta - 2.28 at. % C. Many of the domain boundaries are bending,
showing that they are not confined to a single plane. Orienta-
tion is approximately [001].

Sketch 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 b

define coherent domain boundaries, and positions 1 and 3
define semicoherent domain boundaries. The éetragonality
associated with thesé boundaries is- shown.

Sketch of a (111) antiphase domain boundary. The upper half
of the diagram shows a (111) antiphase domain boundary as

seen down the [00l] axis. The lower half of the diagram

shows the.(lll) antiphase domain boundary when folded into
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 atoms, which would yield a
(111) antiphase domain boundary, are indicated. The tetragon-
ality associated with this boundary is shown.

Diagram of reciprocal space in [00l] orientation showing the
relationship between paired (210) relpoints and paired (210)
Kikuchi lines. ih.
(a) Enlarged selected area diffraction pattern of Fig. 8

showing paired relpoints and Kikuchi lines.

(b) Analysis of (a).
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Fig. 15
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