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THE. CO PRECIPITATION OF VACANCIES AND CARBON ATOMS IN QUENCHED PLATINUM*

K. H. Westmacott and M I. Perez

Materials and Molecular Research Division
‘ Lawrence Berkeley Laboratory
Berkeley, California 94720 .

" ABSTRACT

The geometry of secondary defect structures observed in quenched

platinum containing_variods amounts of carbon is shown to be consistent with

a simple model based on the premise of a strong impurity (carbpn) atom/

vacancy binding energy .when thevratio of carbon atoms to vacancies (C‘/C )

is large, co-precipitation as platelets on {100} planes occurs; whereas when

C_/C,6 is small the effects of carbon are still manlfest but the defect

geometry is dominated by the vacancy behavior, and Toops on {111} planes

form. Consideration of the mechanism of defect formation on {100} planes

~ Teads to conclusions about the structure of the carbon atom/vacancy complex,

its migration and stability. An electron microscopy analysis of the {100}

defects is in excellent éccord with the proposed'mode]. Implications

concerning the likely behavior of carbon atoms in a radiation environment

are considered, and an interstitial impurity solute segregation effect to

vacancy sinks is predicted.

*This work was subpbrted by the Division of Materials Sciences, Office
of Basic Energy_Sciences, U.S. Department of Energy5



1. Introduction

,  Queﬁching experiments perfdfmed under we11-contro11ed conditions can
: pf&vide direct informétfon on vacancy clustering and vacancy/impurity inter-
actions. For example, recent transmiSSionvé1ectron‘miCroscopy studies [1]
using an.u]trahigh vaCUQm quéncHing apparatqs [2] which allowed quenchfng
from pressures < TuPa have shown that vaéancy=c1ustering'in FCC metals is .
| StrOngiy influenced by the presence of interstitial impurities, especially
carbon and oxygen. Striking variations in.the defect structure were
observed in'abseries of platinum specimens of various purity quenched.frOm |
_”different temperatures and explained in terms of strong carbon atom/vacancy

interaction and changes in the ratio of the number of carbon atoms to vacancies.

In the least pure platinum studied, co-precipitation of the carbon and

~vacancies occurred as platelets of {100} planes, whereas in the purest

‘p1atinum vacancy loops formed dn thé usﬁaT {111} planes. In the present

paper a simple hard-sphere modé] is developed that accounts for {100} loop

formation, and a detailed TEM contrast analysis.of the defects is in excel-

lent accord with the proposed modei; |
Implications regardfng the nature of the diffusing complex follow' that

have a bearing on the question of solute segregation in alloys irradiated

in a reactok,‘ and provide further evidence thét interstitial as well as

| substitutibné]'impurity atoms can be redistributed under appropriate condi-

tions. E _ v : o  -> | ¥

2. A Model for the Formation of {100} Loops =~ - L
In FCC‘meta]s interstitial 1mpurity atoms norha]]y occupy 0,0,%, type

octahedral interstitial sites and have 6 metal atom nearest neighbors. On

the basis of a simple hard-sphere model, these positions can be occupied
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~without lattice strain only if the impurity/meta],atom size ratio,

R /R‘ < 0.41. ‘For the case of carbon in platinum R/R, = 0.56, thus it is

o 37% overs1ze In7Tab1e 1 atbmic misfits for carbon and other interstitia]

-~ impurities 1n the FCC metals are given, and 1t is seen that, w1th the

except1on of Th, the stra1n associated w1th C is large in all the metals
1isted In s1mp]e terms; this elastic stra1n ‘energy forms the basis for

understand1ng the exper1menta1 observat1ons that carbon atoms nucleate

'vacancy c1usters in FCC meta]s [1]

Let us now consider the situation following a rapid quench from a high
temperaturé‘to'near ambient temperatures in which both vacancies and carbon
atoms are highly supersaturated;"These conditions are satisffied for Pt
contafnihg re]étive1y small amounts of C, és'may be seen from the solubility
and vacancy'cohcentration data presented in Fig. 1. In the present.work
plat1num containing 800 appm was quenched from 1250°C to 400°C. Under these
conditions the equilibrium vacancy concentrat1on at 1250°C is 4 x 10 5
C. = 8x 10 f; and C /C, ~ 20, whereas the vacancy and carbon equilibrium
concentrations at 400°C are 2.5 x 107 !! and 1.6 x 10°° giving rise to

Supersaturations of 2 x 106jand 50 respectively. Thus, precipitation

of both vacancies and carbon shou1d 6ccur.' Considerétion of the geometric
possibilities for carbon/vacancy cq-preéipftation in the‘FCC lattice ieads to
a probable mechanism for dis]oCétion 1oop/carboh platelet formation ~on {100}
p1anes.. If a’quénchedfin vacancy arrives as a néarest‘neighbor to an inter-
stitial carbon atom, the carbon can e]iminate its lattice strain energy sfmp1y

by‘jumping.into the vacant lattice site*, i.e., by jumping from an interstitial

~to a substitutiona] site. Since this.is'an'energetically favorab1e process,

*The relaxation volume of a vacancy in Pt has been determined experimentally
to be 0.33Q[6]; neverthe]ess, the residual hole is 'still much larger than
~ the carbon atom :
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'in the case Under considération»where Cé/cv = 20, all the vacancies will
acquire a carbon'étom. If we now compére'the precipitation of these vacancy/
- carbon comb]exes_hith normal vacancy precipitatioﬁ it is clear that because
the fdrmatfon of a Frank disiocétion 106p»on a'{111}vp1ane maintains close
‘paéking of thé atdms,'complete collapse toqurm a stable defect With b=a/3
<111> can occur only by forcingfﬁhe associated‘carboh.atoms back onto.intef-v
stitial sites with a Cbnsequent inérease in the totai energy of the configu-

| ration._'The'same}consideratiohs abp]y to the precipitation of perfect Toops

with b=a/2<1]0$.on’{]]]}'of'{110} planes. On the other hand, if precipitation

oécUrS'bn'{loo}vp1anes the 1imited relaxation of atoms in the <100> direc-
tions due to contact between adjacent étoms,(see Fig. 2) still leaves holes
~in the 1atticefsufficient1y-1arge to accommodate the carbon atoms without
introducing lattice strain.-.The séquénCe of atomic qonfigurations beforé
| and aftervcolldpée»of a_vacancy/carbon disc(on (100) -is shown schematically
in.Figuré 2. The minimum diamefer of the residual hd]e in a {100} Toop is
~:given byd:(a2 +v__bz)l/2 -b = 0.52a, wﬁereva is the Tattice constant, and b the
Burgers vector; .The value of d for.platinUm is 2.045, which may be compared
with the carbon atom diameter of ].543.

~ The (100) configuration Shown'invFig. 2(d) consists of an imperfect

dislocation 1oop with Burgers vector of magnitude |b] = (a-b) = 0.3a, there-

fore b =~ a/3 [100]. The resu1ting stacking fault is a high energy conffgura-

tion analogous to A-A stacking in the normal {111} plane stacking sequence,
but because of the ready’accbmmodation 6f-thevcarbon atoms in the structure
it is apparently the most favorab]e arrangehent. Its displacement véctor,
R, 1is also 0.3a [100] andv]fke gvis‘uhusua1since if'is a:non-rationa]
fraction_bf_a,1attice vettor. However, it is close enough to a/3 f]OO]

. for the fault and’]oop,to exhibit near invisibi]ity under the appropriate

o
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‘-diffréctiOn conditfonsb In the following section this model is compared

with the experimenta]1yvdetérminéd confrast behavior.

3. Results

The quenéhing and thinéfoil preparation techniques used in the experi-

" ments togeﬁher with some of the experimental results have been described in

detail pkevious]y [1].

_ Several grades'of.Pt wére'studied, but the results from only two are
réported.here; an;impure grade containing (in appm) 3000 Rh, 950 Pd, 300 I,
140 Si, 70 Fe, and 800 C, and Pt supplied by Materials Research Corporation
containing 40 Rh, 52 Fé,_70'Si, 5 Ag, 20 Ti, and 80 C. vDiSregarding the
soluble Substitutidha1 impurities,‘aTT of which are well'within.the‘solu—
bility Timits af'a11 temperatUres,'the princiba] differénce between the
two maferiaTs is the order o? magnitude change in the carbon content. Since
many quenching studies have shown that the presence of small concentfations
of substitutional impurities does not affect the type of secondary defectformed,
the‘results below are attributed to these differences in carbon content.

In summary the observatfons have shown thate‘ |

(i) Planar defects which show fringe contrast and lie on {100} planes
are formed after quenching Pt containing 800 appm carbon from the‘temperature
range 1000-1760°C. These platelet defects which are believed to beiassoﬁiated
with the cafbon jmpurities, are best obSefved in foﬁls quenched from 1250°C
into a salt bath at 400°C, aﬁd in specimens quenched ffom 1760°C at a slower
réte in the UHV qyenchingvappafatus. Dis]ocation:decoratfon,.p]ate]et forma-
tibn on dis]ocatiohs_and associated denuded_zones are also observed.

(i1) In purer Pt containing &80‘appm-C,'"norha1" dislocation loops

Tying on {111}: planes with b = a/3 <111> or a/2-<110> are observed in

specimens quenched from 1760°C.



3.1 Contrést Analysis

| .A detailed contrast analysis has}been made on fhe {100} defects and the
series of micrographs given in Fig. 3 typify the results. Assuming that the
simple results of contrast theofy [71 are valid for {100} loops with b = R
- a/3v<100> the predicted behavior under various diffraction conditions is
given in Table 2. A consistent agreement is found between the predictions : ' Y
. of the model and the experimental data indicating that the breakdown in thé :
“invisibility criterion and other compTexities'thatmcan arise in the contrast
éha1ysiS'of.partia1 dis]ocations.[S] do not‘octﬁr.* For example, Fig. 3 (a)
taken with'a beam direction, B B = [121] and diffraction'vector, g, = [111]
shows a]] three sets of loops on the {100} planes. The faults in each case
are v1s1b1e s1nce o = 2n/3, but the dislocations are -not, since g - b = 1/3.
On the otherhand, when B = [011]and g = 200 (seevFig. 3(b)) only the set of
- loops edge on with R = a/3 [100] is séen; the other two sets.are invisible
since both g;- b and o are zero. With B = [017} and g_=.153, (Fig. 3(c)) one
set 6f Toops is again edge on, while the other ;two sets make equal inclination
to the beam; for these sets o = 27 and‘no fau]t contrast is observed whereas
g - b=21and the dislocations are in strong contrast. Finally, with
B = [111}and g = [502] (see Fig. 3(d))vthe observed contrast behavior is_

~again in accordance with the predictions of Table 2.

4. Discussion
Detailed contrast experiments presented here:ﬁuggéstkthat_{TOO} loops in

Pt have a BUrgers.vector, b, and fault displacement vector, R, = a/3 <100>, ¢
- v ;

~while previous work [1] has shown they are intrinsic in nature, which

*This may be.beCause the Tine segments comprising {100} T1oops are pure edge
and lie along <100> which are normal to the e1ast1c symmetry plane. Thus,
pseudo- 1sotrop1c behavior is expected
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indicates that they form by a vacancy mechanism. This is in complete agree-

ment with the model presented in section 2.

Several aspects of these {100} defects warrant discussion. They are

| particularly stable defects as evidenced by the observation that they‘are

~unaffected by interseétion with the foil surfaces, a process which normally

results in unfaulting. Uhfauiting by shear to form a perfect loop with

- b =1a/2 [110] cénhot occur, however, for the same reason thatv{llo}»loops

cannot form in the first place, namely, the shear process would have to_be ‘
accohpahied by a-return of carbon atoms to interstitial sites. This accounts
fbr the unus§11y,high Stabi1ity¥of the {100} loops in contrast to the'{]lj}
_1oops-found'1n other FCC meta]é; ‘

The observation that'{loo} loops are still formed in the impure Pt

quenched from close to the melting point is consistent with the model since

R

Cv(1760) 8 x 1074, giving C_/C ~'1, i.e., there is still approximately -

one carbon atom per vacancy. On the otherhand, in the purer platinum

: ‘containing 80 abpmfc, CC/CV v 1/10 and loops are’howiobservéd to be on

the usual {111} planes. _
| Since previous WOrk [1] has shown that there is a gradual transition
in the observed defect structure from vacancy/carbon co-precipitation to
pure vacancy precipitation as the ratio of carbon to vacancies.is decreased, '

it is reasonable to assume that every vacancy precipitated in a {100} Toop

“has an associated carbon atom. It then follows that the complex must have

~migrated as an entity by a process where dissociative jumps are improbable

orjtransitofy. It is interesting to compare these deductions with theoretical

predictibns.‘ Beeler [9] has performed computer simulation studies,of various

- “point defect-carbon atom configurations in the nickel lattice and found quite

“‘large positive binding energiés for several comp]eXes. Values of 0.30 and -

0.86 ev were estimated for a  monovacancy-carbon and divacancy-carbon comp1ex
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respectively, and the most stable monbvacancy complex is one in which the
carbon atom and vacancy lie at a distance of 0.2a from each other in a {100}
pTane; In more recent Work nag he has also discussed the probab]e-paths

~ the comb]ex-takes during migration. The mechanism of:{JOO} Toop formation
~which follows frdm both theory_end experiment is therefore -one in which

isolated carbon atoms strongly interact with vacancies to form.a complex

with: the carbon effectively in a substgfutiona1 site. This complex—can

migrate readily and precipitate at normal vacancy sinks such as free surfaces,

grain boundaries, dislocations or otherevacancy clusters. Consequently,

~carbon present in supersaturated solution in a metal containing a high mobile

vacancy flux as a result of, for example, quenching, or exposure in a nuclear

reactor, would be expected to uhdergo extensive redistributiéh, i.e.,
interstitial impurity 501ufe segregation will occur. As shown in Table I,
ofvthe other cdmmon interstitiaT impurities, only oXygeanOuld be expected

to behave similarly in apbropriate metals. .Recent'experimenta1 evidence
from both quenching and irradiation'experiments suggeSt that the pkeSent
conc]usfons‘may also be Va]id for BCC metals. For example, Dahmen and Thomas
[lﬂvin a study of quenched Ta.containing C have observed {310} loops resulting
- apparently from carbon/vacancy co-precfpitation. 'Weber'et"a]., [12] reported
that in idn-irradiation vanadium, interstitial carbon precipitated as VC by

a mechanism assumed to be associated with solute segregation. Agarwal and
Taylor [13] reported similar effects and suggested that the precipitation of

VC consumes vacancies that would otherwise increase the swelling. Loomis

et al., [14] have shown that the presence of 500 appm 0 in Nb reduces swelling

and promotes_void ordering. There is therefore a groWing body of evidence
that interstitial impurity/point defect interactions may strongly influence
radiation behavjqr in both FCC and BCC materials. Fina]Ty, if vacancies and

carbon atoms co-precipitate under irradiation conditions such a "carbon
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_ Prof. J. R. Bee]ér, Jr., fok-supp]ying.preprb]ication results.

saturated" loop will have a.greater-stability-than a pure vacancy loop

" because, (1) additional energy is required -to return a carbon atom to solution

“when an interstitial atom annihilates at the loop and (2) the loop remains

sessile. This fmp]ies that the dislocation loop bias factor will be reduced
and the loop lifetime will be increased, both of which should Tead to reduced

swelling. Recent work by Sorenson and Chen [15] has»in fact shown that

void swelling in Ni is progressively reduced as the carbon content is

"increased. These authors attributed the decrease in swelling to a dynamic

trapping mechanism involving carbon atoms and vacancies: However, the

present work suggests static trapping at carbon/vacancy clusters may be

. occurring.
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FIGURE CAPTIONS

Graph of carbon and vacancy concentration as a function of

temperature. Two alternative curves for the carbon solubility

.[3,4] are p1otted but.the present work is based on, and in : | v

accord with, the data of Selman et.al., [3] as reported in }
[51. | | | | "
Schematic representation of the sequence of events leading

to the formation of {100} defects: (a) isolated vacancies

énd interstitial carbon, (b) vacancy/carbon complex formation,

(¢) co-precipitation as platelet on {100} planes, (d) final

configuration after lattice relaxation to form an a/3 [1001]
loop. - »

Serieé of micrographs iT]ustrating diffraction.contrast
behavior of‘{100}‘defeqts. See text for detai]ed inter-
pfetation. The diffraction conditions are (a) B = [121j,

g = (1717, w = 0.2; (b) B = {0111 , g = 200, w = 0.2;

(c) B = (0117, g = [133], w = 1.0; (d) B = [1111, g =

(2021, w = 0.6.
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TABLE 1

ATOMIC MISFIT VALUES FOR INTERSTITIAL ATOMS IN FCC METALS

o : - Rs(a)' " CARBON=0,77 | OXYGEN=0.65 | NITROGEN=0.53 |HYDROGEN=0.37
.| SOLVENT METAL -,Rmih); - | Bs/Rm}%0- "Rs/Rm WZ0-STZE ™| Rs/Rm[%0-SiZe |Rm/Rs|%0-SIZE
| NICKEL 1.24 0.62 51 0.52| 27 0.43} 5 0.30| -27
| COPPER 1.27 { 0.61 49 0.51| 24 0.42| 2 0.29] -29.
| Y-IRON- . 11.29 - 0.60 | 46 0.50| 22 "0.41] 0 0.29} -29
PLATINUM 11.38 0.56 37 0.47] 15 0.38] -7 0.27| -34
ALUMINUM 1.43 | 0.54 ) 32 | 10.45] 10 0.37]-10 0.26f -32.
SILVER 1.44 0.53°1 29 - 0.45( 10 0.37{-10 - 0.26| -37
GOLD 1.44 0.53| 29 - | 0.45( 10 0.37|-10. 0.26| -37
THORIUM 1.80 1 0.43 5 - 0.36| -12 - 0.29(-29 0.21] -49

%

<::._
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TABLE II

VALUES OF g . b AND & (= 2rg . R) FOR a/3 <100> LOOPS

I+

1T

i

1+

1+

1/3 (1001 { b = £ 1/3 [010] | b = % 1/3 (0011 | R = 1/3 [100] B = 1/3 [010] | R = 1/3 [901]
13 (1) £1/3 (1) 13 (1) 2r/3 (V) | 2m3 ()| 2m3 (V)
2/3 (V/1) 0 (1) 0 (1) |  4m/3 (v) o ()| o (1)
2/3 (V/1) 0 (I) +2/2 (V/1) -4m/3 (V) 0 (I) 4m/3 (V)
1/3 (1) £ 1 (V) + 1 (V) -2m/3 (V). 2m (1) Cem (1)

(V): DISLOCATION LOOP OR STACKING FAULT IN
(I): DISLOCATION LOOP OR STACKING FAULT IN

STRONG CONTRAST
WEAK CONTRAST
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‘ LOCATION OF CARBON ATOM
XBL 789-5816
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FIGURE 3
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