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ABSTRACT - | | |
The effects of carbon on the structure and mecﬁanlcal propertles-
of tantalum at 77°K, 196°K and 300° K have beed 1nyest1gated. The alloys  :d
contained 0.76, 1.27,.1.53 and 2.05 at %C as determided by He-3 activa— |

tion analysis. o

Interstitial ordering was observed id all alloje“withvthe‘formation
and growth of aligned particles in <116§ causing tﬁeed codtrast in elec-
tron micrographs. Analyses of electron diffraction.patterns indicated'
that the fully developed single phase structure whichris attaided in :

Ta 1.53 and 2 at 7% C corresponds to a tetragonal or orthorhombic orderedv

lattice of compoeltlon T364C o? Ta32C. A model to explaln these struc-

tures based on carbon fluctuations on specific {llQ} Ta planes is sug-

gested. Tﬁe alloys become completely brittle and cieave along {110}

when the ordered structure is fully developed ;.é. oﬁen the carbon con-

tent is 1.53‘at % or more. It is suggested_that thie_embrittlemeﬁt
results frod the severe elastic strains which arise'doe to ordering

such that the restrictions on the elastic compliances can no longer be

maintained.



I. INTRODUCTION

In recent years, gviéence has been obtainéd;byftransmission eléctron
microscopy Which suggests that small concen;rations((gl at. %) éf inter-
stitials (carbon,l oxygen,z_’a’4 nitrogen,5 and hyéféé¢n6) in the Group
VB body centéred cubic metals lead to interstitigizéédering. This is
of particular_interes£ since ordering has never 1béén detected in sub-
étitutional solutions at concentrations of the ofdef of one atomic per-
cent. The e1astic deformation associated with iﬁ;erstitial solutions
is very much greater than that in shbstitﬁtionallgolidrsolutions, and
hence elastic strains play a much greater roie in.th§ ordering trans-
formation in interstitial alloys. However, elastié_éfrains appearvtq
be ééngrally important in refractory fsolid solutiénh alloys because of
anisotropy effects-as has . been pointed out by Van Torne and Thoh@é?.

The crystal structures of different iﬁterstitiai élloys have not
yet received extensive attention, but the resultsfihdiéate that the
structures vafy from system to system. Car?on—tanfélﬁml, vanadiﬁm—
oxygen4 gi?e rise to ordéred'structures which havé’ﬁeéﬁ iﬁterpreted

from electrén»diffraction data in terms of a tetragohal lafticé of ideal
’composition M64I (M represents solvent and I the iﬁterstitial). How;
ever, this composition is not observed in niobiuquxygen. The situa-
tibn in tahtalum—oxygens is not yet clearly resolved.i Beshers9 Has
drawn attention to the.fact that anisotropy effedts'determine the inter-
stitial site occupancy in the solvent. He.predictéd;that oxygen and
nitrogen in Ta and Nb and nitrogeﬁfandvcarbon in vanédium would occupy
tetrahedral interstices whereas carbon and nitroggg in g -iron, carbon

in tantalum and oxygen in vanadium should prefer octahedral -interstices.



These predictions so farbappear_to be in reésonable agreement,with-struc— :

tural data derived from electron diffraction work.  However, recent
TR 10 .

studies of the vanadium-nitrogen system = have reported the existence

of the V. N structure wherein the nitrogen atoms occupy octahedral
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intersticeé, instead.of the prediQted tetrahedrélISiteég._ Also, recent
in situ studies of ordering in Ta-N utilizing high voltage electron
microscopy 11 indicate that structures siﬁiiafgfd;fhose'in'Ta—C,'

but not V;N, are formed. Apart from tﬁe:earlies£'£;pbrtss #—ray analysis
has,so far not been successfully utilized for st?qqgﬁre analysis of order
in interstitial_alloys. -

A well known, but reiatively little understbod;xphenomenon in transi-
tion metals‘édntaining interstitial éolutes is that of the ductile-brittle
transition. This phenomenon of embrittlement depehds‘upon solute con- |
tent and testing ﬁemperature.' Interstitiai SOIutkgasuch as hydrogen,
carbon, nitrogen and oxygen are much more soluble ip:the Group VB mgﬁals
(V, Nb, Ta) than in the Groub VIB ﬁétals (Cr;'Mb;Fﬁsréhd have ajmarked
effect in broducing embfittleﬁent. 'Hydfogeﬁ is fhé”mostveffective |
embrittling agent for V, Nb and Ta, while nitrqgen; oxygen and carbon,'
in decreasing order, are less effeétive._ -

The purpose of this investigation is to folléw'iﬁ'detail in Ta-C
alloys the changes‘in microstructure and tensile ﬁeéhahical properties
accompanying the iﬁterstitial'ofdering transforma;ioﬁ, utilizing trans-
mission electroﬁ microscopy and diffraction. - A field-ion microséopy'

investigation of Ta-C has been reported:pfeviousiylz.



II. EXPERIMENTAL PROCEDURE

A. Specimen Pregarétidn

High purity single crystals of tantalum,wefe'dbfained from stock
'by electron beam zone refining. The single érysﬁals Qere”then roiled
into strips £.005 inch thick using a preciéioh fdiiing miil, anneéled at
2000°C for 2 hours in a dynamié’vécuum of 10-7mm Hg;ifAl1vﬁhe spgcimehéi
were treated similarl& and allowed to cool in théﬁfurﬁace undefﬂvécuum :
so ‘as to minimize impdrity pickup and to obtain a-gpiform grain size;-

Controlled amounts of carbon were vacuum depbsited on both surfaces

of the tantalum strips which were then annealed injﬁhe range 1000-2000°C

(depending on?cdmposition) for 24 hours under high §ééﬁum.
Heat treatments'were done with reference to ﬁH§ existipg phase
diagram and from previous knowledge that Ta-1.56 éﬁ % C is ordéredl,“'
- The existing phase diagram predicts virtually-no_Sblid soluﬁion -
range beldw about 2000°C for alloys céntaining 1e§évﬁhan about 1.5
at % carbon. Thus the final héat treatments were-ﬁérformed oh theiﬁre- _
 pared alloys by annealing at 2000°C for 2 hours éﬁdlfﬁrnace coéling;
Uniform grain éizes =400u were produced in each caéé;' This treacmént
should produce ordering on cooling in all alloys because the kinetics.-'
for carboﬁ diffusion are sufficiently rapid. Howévér, agiﬂg treatments
were alsorgiven to the Ta-0.76 and 1.53 at %’carboﬁ_alloys in order to
| determine the effects of aging on its structure and mééhanicalnproper~
ties. Theéeiaging treatments consisted of 6, 12; 3é“and 72 hours
annealing at.800°C under high vacuum followed by furnace cooling.
Again 800°C was choseﬁ as a'temperaturé likely to be well below the

solvus limit for this alloy, although it should be emphasized that the
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critical temperatures for ordering are n>: known'(and are not readily
determined).

B. Analysis of Carbon Content Using Helium-3 Activation Analysis

A single, rapid.and absolute méthod'for detection of carbon and
other elements over the-conéentratibn range of lsppb to 1007 is helium-3
activation analysisl3. Only a few milligrams of ;hé total sample mater-
ial are required. - The key feature of this methqdlis;thevuse of He-3 ions
accelerated to comparatively low kinetic énergieé}éé'as~t0'induCe nuclear
reactions whith give radioactive prbducts. Thesé'ﬁréduqts, whiCh’decay

mainiy by emission of positrons or negatrons, canibe detected by conven-

12 (He—3,a)Cll

_tionallnuclear techniques. In the case_df carboﬁ,-the c
reaction is used. The analysis was done by bombarding the specimens
(placed af;ér'two 0.005 inch aluminum foils and'dnéfo;OOS inch gold

foil to decrease the energy of the‘beam) with a 5OVMéV He-3 béém from
the Berkeley 88-inch cyclotron and measuring the éédeéay rate as a fung—
tion of time?aécordihg to the. above nuclear feéctioﬁs;‘ Thé carbon con-
tents so obtéinéd were 0.76 % 0}0076,.1.27 + 0.0127, i;SB + 0.0153 and

2.05 + 0,0205 atomic percent resbectively. The oxygen éontent was 0.02

atomic percent maximum.

C. Determination of Tensile Properties

Tensile specimens.from st;ip tantalum, treated:ag above, were tested .
at thrée temperatures 300°K, 196°K aﬁd 77°K using'ﬁhe:Instron universal
testing machine at a strain ;até of 3.33 x 10--4 sec—l. The tensile
specimens were 1/2 inch wide, héd a one-inch gage 1¢ﬁgth, and were 0.005

inch thick.



D. Electfon'Microscopy

Foils suitable for transmission ¢1ectron;micro§copy»were éasily
preparéd by chemical polishiné in a solutibnbsf 3:1 Hﬁ03:HF at or
slightly below room temperaturg.

Observations were made using the Siemens IAiéléCtron microscope
“equipped witﬁ a double-tilting stage. Great caré:ﬁ;§ taken to ensure
that phase'transformétions weré not induced duripgioﬁéervation (see e.g.
Ref. 2). Most of the foils obtained had either év;l;2>_§r <113> orienté—
tion. Since a {100] orientation is needed toiuniquely characferiie the
morpholog& of the ordered phase, a.15° wedge'had‘to"be_used,in the
double tilt holder of the Siemens electron miéréséséé in order to obtaiﬁ
the [lOO] orientation. S

Dark field images of superlattice reflectio§s from ordered regiohs
are necessa?& in characterizing the structure siﬁéewcohereqcy_étraiﬁs
tend to obscure the morphoiogical details in brighﬁ;field imageé,o; i@”

~

dark-field images of fundamental reflections.

III. EXPERIMENTAL RESULTS AND INTERPRETATION

A. Determination of Tensile Properties

Figures la, 1b and lc show a series of tensilé stress~strain cﬁrves
for specimeﬁs with varying carbon content, at thfeé;témpératures 300°K;
196°K and 77°K. The effect of increasing the iﬁférstitial content is
. to shift the curve in the plastic strain range tp;higher stress.levels.
The effect of decreasiné»ﬁemperature is similar iﬁ';ﬁat agiany éhe
carbon composition, the spécimens.yield at higher.étress levels with

decreasing temperature.



Upper yield points were observed for all the'alloys. The shear

stress at lower yield Tt is a more reprcducible measure of the strength

LY
of the specimen since Ty is not sensitive to specimen alignment in the

tensile machine as Tt (1 refers to shear stress, which is taken as one-

Uy :
half the measured temnsile stress 0)7- From Fig. 1 it can be seen that the
plastic regién of the stress-strain curvé is nearly hbrizontal i.e.,

there is no appreciable increase in flow stress with.Strain to fracture.
This is'a common feature in polycrystalline bce metals, particularly at
room temperature13.‘

It can been seen from Figures la, lb’and lcitha;fat any test tem-
perature, the ductility (plastic regions of streés{étraih curves)
decreases ﬁith increasing carbon content, and all.éﬁécimens éontaining
2.05 at % carbon are brittle. Figure 2 summarizes this ductile—brittle
behavior and the results suggest that Ta-1.53 at. % cafbon represents a
critical compositign for the onset of brittleness.over the testing femper-
ature range'invéétigated. |

When TLY is plotted vs. atomic percent carbon in tantalum, straight

lines of positive slope result, as shown in Figure 3.. The range of
Ly observed is shown together with the average yieia points for the

three temperatures:

AT 300’K, Ty (5&2) = 6.0.+ {5.3 x (atomic perqeﬂt carbon)}

AT 196°K, Ty (&gi) =12.2 + {7.0 x (atomic percent cérbon)}

AT 77°K, 1 (EEE) = 26.4 + {8.0 x (atomic percent carbon)}

mm

LY



It can Se seen that there is a vefy.51ight ghéngeriﬁ”slobe'éf the lines-
with température, Points marked B”on'tHé'plbf_éﬁéwifhé'ffaéfure stresses
of thosé‘alloys exhibiting bfittle.failﬁré (i.é., tahtalqm contéiqing
2.05 at % carbon). The imblicgtions,of_this P19§ §f‘TL§ vs. at % caf;
bon will bé discussed later..

When the lower yield stress or frécture stfé;é~is plotted as a
functionvof temperature, a serieé:of-curvés arelgbféined_one'for each
~ carbon composition as shown in Figure 4._vThere is an obvious inérease
in yield“stress with decreasing tempefatufé, andithe'lines_curve upward
with decreasing temperatufe. HoWever, when speéimehs fracture before
yiélding‘(i.é., are brittle) there is pracfically"éhiinear inérease of
fracture stress with decreasing temperature. Itai§;§b§erved that the
ductility of tantalum containing 1.53 and 2.05 at>Ziéarbon_varies §ﬁly
slightly with temperature as is shown in Figure 5fwhéxeas the other
alloys are all ﬁore ductile at the ﬁigher temperatﬁ:es.

The yield strengths of the aged Ta-0.76 étoﬁi&féércent carbon
alloy is shown in a plot of yield strength vs. ;;g;;ging ﬁime (Figure 6).
No brittle behaviour.was observed even after the.lqﬁgest éging time.

B. Electron Microscopy

In furnace cooled specimens,  the microstruétﬁrai changes with
increasing cafbon content are shown in Figurg 7. tThe first resolvable
structure is'typical.of.thé so called "tweed"-conﬁ;ésﬁ arising from
sfrain contrast due to elastic deformation ﬁsﬁali& aésociated with
large volume f;actions of small coﬁerént non“cubié'péfticles, or composi-
tion modulations (see e.g. Ref. 14 fof review); Abaft fromvapparent

coarsening and obvious alignment in <110> this structure remains similar



in all alloys until the carbon content reaches 2.05 at % when single
phase ordered grains containing antiphase domai§~5§ﬁ§daries are clearly
resolved (Fig. 7e). The electron diffraction pa;éé?és correspbnding to
Figures 7a-d are shown in Figures 8a-d. As can béjséen at Ta;l.S at %

C and TéeZ;OS at 72 C a superlattice of approximécely [4 x 4}g<100> has
‘developed. These results support the earlier results of Villagrana

and fhomasl who concluded that the structure is-ébnéiétent with a bc

: tetfagonalvstructure of composition Ta64C. Howe;gi;<other compositions
C or Ta

such as Ta C cannot be ruled out, becaqSe”Bf multiplicity in

32 16 _
the diffraction patterns. Figures 7 and 8 show #hé;zthe fully ordered
T364C étruéfure is not developed by furnace coolihg'ailoys until the
carbon confent attains 1.5%. -

It can be seen in Figures 8b, c that the map#igfrefleétions are
;streakéd ip <110>. This can be due to precipitaiidhqu thin sheets_
’parallél'to {110} and/or elastic strains in <100%;j;ﬁd»is éonsistent
with tweed cqntrast15’16. Figures 9 and 10 Show:é%é@éles of the deveiop-

" ment of thiswstructure. Figﬁre 10 indicates that fhe strain contrast |
in <110> is probably due to the_alignmént of small ordered particles
in <110>. This is comsistent with cﬁrren£ mgdels.éf-tweed contrastl_.
However, images may-also cohsist of net strain.cdngraét when individual
péfticles may not be resolvedla especialiy if fhexs££éins aré sufficiently

.large, and the strain fields éverlap considerabl§. ‘It should be noted
that similar contrast'effectsihave been observed in;subétitutional‘

17, 18 |

alloys showing short range order

It is known that elastic distortions due to coherent tetragonal

particlgs produce streaking at reciprocal lattice poiﬁts. Tyapkin



.

has shown that coherency induces pure shear on fliO}'blanes in <110>
directions resulting in the extension of the difftactéd'intensity aiong
the normal to the shear planes. The magnitude of tﬁ¢7shear”strain -

depends on the value of the anisotropy faétor,'A,:defined as

00
A= —

€110 (€117 9)

When tbé cubic crystal is isotrdpic A=1, whiléﬂwhen A > 1, then
Gy becomes é ﬁinimum. Since for Té A = 1.58, and;éiven.the gondition
of tet:agoﬁality assoéiated with ordering, there Qiliibe relatively low
‘resistance to shear on {110} <110>. |

The results of the isothermal aging experiments are consistent with
the develoément of periodic ordered arrays or partigle;. For example
Figure 11 shows that after 72 hours aging at 800°Csthéf0.76 at % C alloy :
is similar in structure to that of the furnace cooie&?i.26 at 4 C. -
alloy. By’comparison of Figures 11f, 6 and 4, it is also afparent thét
the yield stress and elongation values are also.similér. That;is the
mechanical properties do not depend on carbon contént_alone, but on
the degree of order or, from an alternative viewpoinﬁ;,upon the volume
vfractién of the ordered phase present. | |

From these observations, it is'concluded chétbin Ta-C the de#elqp-'
ment of the 1ong—range ordered superlattice proceeds byv;he formation,
grqwth and coalescence of small ordered particles (Figures 9, 10). A
mechaﬁism for this ﬁrocess is proposed in'the-folloﬁiqg, in which alter-

native compositions to'Ta64C can be accounted for. .
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IV. DISCUSSION . -

A. Structure of the Otdered Phase

From previous studlesl, the superlattlce in Ta— 3to 2 at, %Z C has

been given the formula Ta6ACAand it Vas proposed aat the unit cell is
.. quy—centered_tetragonal. The fact tﬁat.thevunitacell of the ordered
phase hae.erthegonal axes but‘is non-eubic,dis neyond dispute (e.g.

the observed diffraction pattern , the nature of the frlnges at APBs and
the tweed strain contrast). However, it should befemph351zed that
because of thermultiplicity of orientatidns whichhednttibute to the dif-
fraction patterns, the complexitles due to double diffractlon, and the

_ difficulties of sorting out the patterns by dark fleld analysis when the
ordered particles cannot be individually reaolved,;do.not permlt unique
establishment of the Bravaie lattice at the present time. In.fact, the
diffraction patterns vary with carben content;e.g.;Figure 8 and examina-
tion of orientations such as.<1i2> and <ll3>'suggeétttﬁat structures

: exist which may be base-centered orthorhomblc (bco) but in which the

a and b axes have only - slightly different lengths The compos1t10n is

Ta,_,C if the unit cell is based on 4 x4 xh tantalum cells or Ta32C

64
if it is 4 x 4 x 2 or Ta C-ifdit.is 4 x4 x1. More.than one composi-

16
tion is of course possible, but until individual pattieles of the sane
orientation can be identified for structure.analysiEfit:is’not possible
 to uniquely identify the ordered phaseS by selectedfateaﬂdiffraction
"{the smallest selected area possible_at 100 kV is:QZquiameter and this is
very large cempared to the_patticle or domain_size (see e.g. Figure 7)}.

The use of lattice imaging in a high resolution.electron microscope

may help to untangle these complications.
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‘ B. Model for Development of the Ordered Phase

In spite of the dlffiCUltlEo outlined ah\ve,vitris possible to arrive: :
at a model for the development of the ordered phase:wh;ch can account
_ for.tetragonal and orthorhombic structuresf(Figure‘IZS. It is postulatedfz
that only four of the six poss#ble {110} planes 1n bcc tantalum be i
occupied by carbon atoms exclusively. That this’ is reasonable follows
by consideration of the nature of the octahedral:sites. . For example,
consider that the carbon atoms in the ordered_phaseioccupy specifically
the %00 octahedral sites (that is, the c—axis’of the nnit cell is the
[oo1] direction), then th~ planes containing only .carbon atoms'are the
(110), (110) !both perpendicular to the (001) plane} and (101), (101)
{both perpendicular to (010) planes}. These are. the only planes contain-‘
ing carbon atoms exclusively, which can give rise to'carbon concentra-
tion fluctuations in the ordered structure. Other combinations of {110}
fluctuations are possible for the 0%0.or 00% octahedral sites. These
fluctoations are consistent with the observed contrast in the electrom
micrographs. | Sl

Figure 12 shows {001} projections which illostrate the possibilities
that arise by such fluctuations. Only three alternatives oCCUr, tmo with
common carbon contents and two with common crystalnstructores. The (001)
projection is common to all three cases and consequently'is only shown |
v.once. Likewise, the (100) projection is the same:for‘Ta64C (bco) and
Ta320 (bco) | o
The interplanar spacing between these carbon containing {110} planes

determines the composition of the ordered phase formed In all cases,

only two offthe four {110} carbon containing planes are observed to have
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a constant interplanar,spacing such that d110>' 4 110

C These are

the (110) and (110) planes {perpendlcular to (001)} -HOWeVer, the
interplanar spacings between the (101) and (101) carbon containing
planes {pefpendicular tol(OlO)} are observed to-Vary“such that lel =

C

When d = 2d. . , either a Ta,,C or Ta,.,C structure can

2d107_ - 101 101 64C °or Tas,
Ta Ta oL

C
be obtained by varying the carbon atom density'on:these pleues,‘keeping
the interpianar spacing constant (Figute 12){ |

In an iuterstitiel alloy, the spacing betweeu.agcarbon containiug
(110) plane and a neighboring Ta’containing (1105ipiehe is not the seme_
as between'two neighboring Ta containing (ilO) plenes.' The spacing iu
the former case is equal to 1/2 of that in the latter case. |

Now assuming that a.periodic fluctuation‘of'carbon atoms'iu tantalum
occurs, then the ordered structure cen only oe obteinedaWhen there ete
simultaneous;carbou fluctuations‘on fout of the sixioossibie {110}.type
planes in.e'given regionwafthe'bcc tantalum. _Houevet; in the'eerly.
steges of‘otdering, all four sets of.fluctuation ma; not exist, and there;
fore, the diffraction pattern may not be fully developed. For example,

every fluctuation with d = 4d will giVe'riSe.to a'superiattice
: 110C llOTa

spot at 1/4g110_ . This is exactly what-is observed during ‘the early
stages of the transformation (for example, Figure 8c) There is a
superlattice spot at 1/4g110' around every matrlx Ta spot, each set of
spots in any one <110> direction being due ‘to a set of fluctuations in
that direction. |

As the carbon concentration'increeses, the-numoet‘of sets of {110}

planes on which fluctuitions can occur increéées;_sovthat the volume



fraction'of_ordered partitles is‘expected to iucteeee,-end/or»thercatboh comev
positioh within a pafticle.willvincrease. vAe inyfhéiépdnodal; such a |
transformation may not requdre a nucleatlon stage.- fhe diffusion proe
cess setS'up regions of ideal wavelength. Once thlS ideal is obtalned

an "ordered particle" with coherent interfaces 1s-formed. The size of

the ordered regions depends on the number of wevelehgths igvolved'in
that.set of fluCtuations.“The alignment of'ordered,tegions or particles
along {110} surely is a consequenCe Of minimizing:thefstrain euergy. ‘

- The degree'of otdet mey also vaty uot only from pettdtle to perticle,

but also within each particle. Because of the oomoiicated coutrest in

Athe images, the volume fraction of the ordeted phaee‘eannot be deter-

. mined, but it is possible to conclude that the voluue fraction is high
(from 1mages) and that the degree of order is probably varying (from
diffractlon patterns) Once the ordered reglons are formed, they align hT‘
themselves along <110> and grow into the dlsordered matrlx t111 they
impinge along common [100] directions (see Figure 10) _ It must be

noted that although the domains impinge along [lOO]'directiods, they

are probably bounded by (110) prlsm planes (as observed in the Nb 0

system by Van Torne and Thomas ). The [100] 1mp1ngement probably arises
because four of the six possible (110) planes in aforystal cut any (001)
surface along <100> directions.- Further growth_iuvolves the formation

of large cuboidal shaped particles bounded by (110i‘planes, aiigned =
along <110>, The final stage involues the grouth ot oryetals with ohe
type of c-axis in preference to auy other,.to give fiee'to large non-

impinging ordered domains.
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C. Correlation of Mechanical Prqpéfties and Micrgsttucture

Fractographic studies of the Brokenrfensile.gﬁeciméns uéing scan-
nihg electfoﬁ microscopy showed that the predominaﬁf modéiof ductile
failure was tfansgranular, but this changed_from’éigéﬁagé-tq microvoid
coalescence and finally integranulaf fraéture_in'tﬁgf? éﬁ.% C alloyzo.

" The cléavage'in brittle‘alloys was fouﬁd.to oééﬁ;lpa}filO}. There was
no evidence for a carbide phase at §he boundariesbﬁhéﬁselVes. These
fesults tégether'with the observed inérease in yiéld §£réss with carbon
’content (Figure 3) show :hat the matrix strength épproaches thaf of the
cleavage strength at i.53 at. % C,'depénding on‘temﬁérature.

The minimum Eléavage'shear stré;é will oceuriéhéﬁ'the elastic
shear strain energy is,maximized in some region aﬁa‘diréction_in
the crystal. One would ekpecf the:ﬁaximum éhgar:étfain energy to be
attained_in'regions and direétions which posSéss gﬁetlérgest internal
strain energy. Thévmaximum éhe#; strain energy wili be attained in
. regions wﬁich 1ig parallel to the cleavage piane.i.;p:téntaium, the
cleavage plane is {110}'as opposed to {lOO}-in‘tungéﬁeﬁ7 1Theréfore, th;
 maximum shear strain energy, on introduction bf_a'criti¢él concentration
| éf 1nterstitials'should be attained on {110} planeéf :

When the élioys are brittlé and_cleavé, the vélpeé éf the elastic
compliances aré>such thét the restriction imposed §n the'compliances
by a positive strain energy of a crystal are only m;rginally fulfilled.
These restrictions are’ : | L

44 > 0 :

(a) s

' (b) Sll > 512'

© sy + 25, >0
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Subsfitution of the values_of‘pﬁre tantalum, Sll.%:6f78ex 10_131cm?/dyne,

44

cm”/dyne is sufficient to violate the restric-

512 = =2.47 x lO—locmz/dyne and S
13

+ 11.98 X lo;igéﬁzldyne, sheﬁe that an
~increase in 8,5 of 0.92 x'lo; v |
ion Sll +.2812 > 0. Therefore, it is.conceivableithet aIPOint is reached

in cerbon‘compqsitioh where the res;fictions on ﬁﬁe eeﬁpliances, which
are the same as on the stiffnesses, are‘not SatiSfied; The crystal .
then becomes energetically unstable and it fails alohg a cryéﬁallo—
graphic sef cf planes which release a maximum ameﬁh;ref'strain energy.

In.the present work, it is obsefved that_carbeﬁ:eausee a linear
increase in yield strength and a decfease in ductiiity’up to 1.56 at %.
At this point, there is a sudden catastropﬁie ldes iﬁ ductility. The
linear dependence of'yield-stress on carbon cempesi;ion_reflects itsv‘
dependence on the degree of order and on the volume:ftactioe of theZOrdered
phase. The onset of brittleness appears to coincide3Vi;h the develbpmenﬁv
"of large scale ordered domains. If the above conSiﬂetations reéerding
the elastieecompliances are correct, the reshlts.egggest that the develop-
ment of fully ordered domains corresponds'to e:efiticai carbqn level |
such that the strain energy is so large that the;gestrictioﬁs on -the
compliances ere no longer satisfied, and the'cryeiais"cleave. The maxi-
mum strain energy is reached on the {llO}_plenes;'ﬁbich are also the _ |
‘observed cleavage planes. |

V. SUMMARY

Carbon in tantalum produces interefitial ordefing_wifh'fhe deQelopment
" of ordered.phase(s) of eomPOSition T364C or TaBZC’ having tetragenal
or orthorhombic lattices. Octahedfal site oceupanCy;bredicted by

Beshersg,for carbon in tantalum is confifmed.on the,baSis of the inequality'
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ofvthe'[lOO] and [001]} dimeﬁéions‘aé déterﬁined:fgéﬁ‘giéctron diffraétion N
'data; Transmission elécfron microscopy inditaﬁés?;hét the pfderihg |
trénsfbfﬁéfion begins by fine scale fluCtuation; ih”CQrbon composition
aséociated with the {110}'planes. The fully'ordeged:structure is

realized locally when regions of wavelength sucﬁlﬁhat AC = 4d110 ,

101, 101,

2d, - "4or d are obtained. The‘allo§ cén4§é;cbpsidered then‘to.
contain small "ordered particles'". These small‘dfaéfed-regioné &iign
themselves along <110> and grow till impiﬁgemenf;iijﬁe fingl stage of

the ordéring transformation occurs with the formétipn ofvlong range highly
6rdefed regioﬁs separated by coherent domain boundaries and is observed

in the Ta—1;53 and Ta-2.05 at % C alloys. At tbisféﬁage the alloys

become tota;ly bfittle.‘ It is suggested_that th;ékéﬁbrittiement is
caused‘bygsgvere elastic strains resulting ffom?ﬁérbon ordering such

that thé:restrictions on the elastic compiiance;;égnnot be maintained.
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FIGURE CAPTIONS'

1. Stress-strain curves of tantalum contéinihg:up to 2.05 at %C t
tested at 300°K (a), 196°K ~ (b), and 77°K (c).

2. .Sﬁmmary of ductile-brittle behavior - of ﬁahtalum—carbon’alloys

containing up to 2.05 at 7%C in- a plot of teétitémperature (°K)

vs. atomic percent carbon in tantalum.

3. Plot of shear stress at lower yield,;TL§,:§s.=atomic percent

‘carbon in tantalum. The grain size ié §400ﬁ;ingall cases.

4. Plot of stress (kg/mmz) aﬁilqwer yield gr;ffécture vs. test
femperatpre (°K). | |

5. Plot of totél elongation (%) vs. test témpetatufe (°K),

6. qut of yield stresé (kgymmz) Qs; log ggiﬁg fime (hdurs) for

a Ta-0.76 at %C alloy aged at 800°C for 6, 12,°36 and 72 hours.

(Tested at 300°K).

7. B;ight field electron micrographs of‘Qa?ioﬁ;,stages of the

interstitial ordering transformation: | |

(a) ?ure tanta1um

(b) Téf0.76 at ZC showing contrast due to fine fluctuatiohs in
‘cérbon composition. .

(¢) Ta-1.27 at %C showiﬁg the formation of'ﬁprdéred" particleé;

which align themselves along the <110> .directions.

(d) Ta-1.53 at 7C showing growthvélong <110> £111 impingement.

(e) 'Ta-2.05 at %C showing the formation of highly ordered regions

separated by coherent antiphase‘domain boundaries.

8. Electron diffraction patterns obtained ffém,gach of the above

stages of the ordering transformation. Figure 8avcorresponds to
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the diffraction pattern obtalned from Fléure 7a etc.

9. Bright field (a) and dark field (b) 1mages obtained from
Ta-0.76 at % carbon show1ng a rather d;ffuse cweed contrast.
Matri#ﬁspots in diffractioc pattefns are sﬁfeaigq in <110> normal
to the {110} striations in contrast.

10. Brlght field (a) and dark field (b ¢ and d) 1mages from Ta-1.53
at %C showing the formation of impinging small-;o—medium sized domains. -
Figures 10a and 10b are obtained using matr;k‘ref;éctions-while
Figures 10c and 10d are obtained using supefléctice refleCtions;

11. Bright field (a.c,d and £) and dark field (b and e) images

. of Ta-0.76 at 7%C aged at 800°C for 6 hours (a;b),'lz hours_(c),

FIG.

36 hours (d,e) and 72_h0urs (£).

12. {001} projections;showiné strucfures geﬂerated by fluctuations

in carbon composition resulting from exclus1ve occupancy of carbon
atoms (1arge c1rcles) on the speciflc {110} planes indicated

below each progection. Filled Small‘C1rCIESfShOWS Ia atoms. Carbon _
atoms not in the plane of projection are showc;as7dashed circlés. |
(see text). The various possibilities generate cither-Taé4C_(bct

or beco) or TaSZC (bco) structures.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
respensibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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