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ABSTRACT 

The structure of secondary defects in two different platinum purities, quenched under 

ultra high vacuum, has been studied by transmission electron microscopy. 

Faulted loops on {100] planes have been observed in both materials. In the less pure 

platinum, Pt B (but purer in terms of carbon content), the defects were observed after quench­

ing, whereas in the purest one, Pt A (but less pure in terms of carbon content), the defects 

were formed after a long annealing. The Burgers vector of the loops formed after the quench­

ing was a/3<100> and for loops formed during long annealings, was a/2<100>, apparently. 

It was found thai in Pt E the loop density increased and the loop size decreased as the 

quenching temperature was lowered. The same effect was produced by increasing the carbon 

content by a small amount. The loop formation wits totally inhibited by adding a larger amount 

of carbon and also when the quenching was performed in poor vacuum (—0.01 torr) or in air. 

The defects can be interpreted as pure vacancy loops heterogeneously nucleated at car­

bon atom clusters or, as plate like precipitates of carbon atoms and vacancies formed by a co-

precipitation mechanism. The discussion of the experimental results obtained is based upon 

these two models. 
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1. INTRODUCTION 

How vacancies cluster and precipitate during quenching •"d annealing experiments in 

metals is a matter of considerable romplexity. A great number of experimental and theoretical 

studies on pure and impcre FCC metals have been carried out during the last twenty years and, 

the formation of many types of clustered vacancy defects have been reported. In spite of these 

many studies, there is not yet a theory capable of explaining all the observations. Many ques­

tions are still unanswered. Three important questions among others are: (I) How and when a 

growing vacancy cluster collapses to form a dislocation loop? (2) Which of the physical param­

eters, involved in the process, is the responsible parameter for determining the type of secon­

dary defect formed? (3) What conditions are necessary for a certain parameter to determine 

the type of seco..i.jry defect? 

Although it is true that one of these parameters, the stacking fault energy, is an impor­

tant factor in determining which type of secondary defect will be formed (i.e., whether or not a 

dislocation loop will contain a stacking fault), it is also true that this is only one factor and in 

many cases not the most important one. For example, it has been found that impurities, even 

in very small amounts, play an important role in the formation of clustered vacancy defects in 

many metals1"5. 

The secondary defects which were first observed in aluminum, were prismatic loops6. It 

was believed (at that time) that the difference in energy between perfect and Frank loops, due 

to the high stacking fault energy in Al, was determinant in the type of loop formed. Later, 

Frank sessile loops were also observed in pure Al5-1-8. These defects were interpreted as meta-

stable loops which could be unfaulted by increasing the temperature of the specimen 5' 9 1 0. Cot-

terill10 suggested that there is a critical temperature, Tuf, at which the loops become unfaulted. 

He suggested that if, during the quenching, a cluster reaches the size at which it would collapse 
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to form the dislocation loop before the temperature T„,, the resultant loop should be unfaulted. 

If on the other hand, the cluster reaches the critical size at a temperature below T^, it will be 

faulted. But the instant at which a vacancy cluster will become a stable nucleus during the 

quenching depends on the type of nucleation as well as on the rate of growth of the clusters: 

parameters which could be modify by other variables, as for example the amount of impurities. 

It is known that vacancies may be trapped by impurity atoms". This trappping, which 

results in the formation of vacancy-impurity complexes12, may modify the annealing rate of 

vacancies'3. The complex may be less mobile than the vacancy itself resulting in a decreasing 

of the annealing rale14; or the complex mobility may be faster than the vacancy mobility result­

ing in an increasing of the annealing rate15. Thus, impurities can strongly modify the process of 

secondary defect formation. On the other hand, impurities can also act as heterogeneous points 

of nucleation for vacancies5. 

Cotterill and Segall5 suggested that impurities having the largest binding energies with 

vacancies should have the strongest effect on the vacancy clustering process. 

Some interstitial impurities produce a large distortion in the lattice, due to the 

difference between their radius and the interstitial hole radius of the host metal. Table I shows 

the atomic misfits, for octahedral sites-hard sphere model, of interstitials impurities in FCC 

metals. The lattice strain associated with these impurities may result in a strong interaction 

between the vacancies and interstitial impurities. Large binding energies have been suggested 

for these interstitial atom/vacancy complexes, as for example carbon-vacancy in Ni 1 6 oxygen-

vacancy in Ag" and carbon-vacancy in Pi ' 8 ". Therefore, a critical effect of these impurities on 

the vacancy cluster defect formation is expected. 

In studying annealing of point defects in FCC metals, in the specific case of ft many 

works have been done using resistivity measurements; however, because of the difficulty of 

preparing thin foils of Pt, relatively few have used electron microscopy. In this regard Pt has 
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been comparatively neglected. 

Ruedl el al.m, using TEM observed only small voids in Pt s-.jecimens (using beaten 

foils) quenched from a temperature close 10 the melting point and annealed under vacuum. 

The voids were preferentially located on dislocations and were difficult to eliminate, since they 

appeared to be stable up to ~800°C. Cizek a al.2' studied Pt of two purities; the tower-purity 

sample (99.9%) showed only black dots (in bright field TEM analysis) after a quenching from 

1300°C and annealing in air, while in the most pure one (99.99%), voids similar to those of 

Ruedl el al.20 were observed. The authors21 also found that die black dot density in the less 

pure material decreases with the number of queochings. They concluded that the black dots 

were formed by vacancy clustering in the presence of impurities. 

Jackson22, using resistivity measurements, studied vacancy annealing in quenched pure 

platinum. He found the annealing in this case was markedly different from the annealing of 

quenched gold, silver and aluminum. Also, the author22 found the residual excess resistivity, 

due to the existence of vacancy clusters, was much lower than for the other metals. He con­

cluded that sinks for vacancies in Pt were much different than those in Au, Ag and Al. He 

finally proposes that the high surface energy of Pt3', y,-2100±700ergcm~2, is the strong bar­

rier to nucleation of loops, and could explain why these defects had not been observed in this 

metal; an argument which was in agreement with other researchers21-22. 

More recently, Westmacott23-24 reported the formation of faulted loops on (100) planes 

in different purities of Pt, after quenching from a high temperature under high vacuum 

OCT8torr). When the quenching was done in air, only voids wsre observed in the less pure 

material. The conclusion was that carbon and oxygen impurities play a critical role in the for­

mation of these secondary defects. 

The occurrence of faulted (100) loops, which have not been observed in any of the 

other FCC metals, was very surprising since the removal of an atom layer on a (100) plane 
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leads to the formation of a very high energy sucking fault, higher than in a similar defect 

formed on a (111) plane. 

The aim of trie present work is to try to explain in detail the mechanism under which 

these faulted loops on (100) planes are formed in Pt. In order to do this, (1) A complete char­

acterization of the defects has been done; (2) The influence on the defect formation and stabil­

ity of the following parameters has been determined: (a) the amount of impurities, (b) the 

quenching temperature, and (c) the annealing temperature and annealing time. Two different 

mechanisms for the formation of the loops are proposed. Since it has been found that the 

quenching atmosphere can strongly influence the vacancy clustering23-24, the experiments were 

conducted under an ultra high vacuum system. Experiments under well controlled conditions 

for two different purities of platinum were performed. An extensive transmission electron 

microscopy analysis of the defects was done in all cases. 
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2. EXPEIIMENTAL WOM 

2.1. Material Preparation. 

Two different purities of platinum were used: Pt A of 99.99wflk pure, supplied by The 

National Bureau of Standards, and Pt B of 99.76wt% pure. Details of the chemical analysis for 

both materials are given in Table 11. The analysis of carbon, for both materials, was made in a 

Leco low carbon analyzer in which the limit content detectable is 0.001wfli in samples of 0.5g. 

The carbon content of the two platinum samples was also determined by proton activa­

tion analysis'9. Using this method the carbon concentrations found, 3040appm for Pt A and 

lOOOappm for Pt B, were approximately one order of magnitude higher than those given by the 

combustion method (see Table n). However the concentration ratio between the two materials 

was the same in both methods. The proton activation analysis is a new method and it has been 

successfully used to determine nitrogen in atmospheric aerosols40, the detection limit in this 

case was JOOppm and the average percent difference in comparison with traditional combustion 

analysis was 14%. For the case of carbon in platinum neither the accuracy nor the limit of 

detection has been determined. 

Tne samples were rolled at & thickness between 0.0025 and 0.0020 inches. In order to 

avoid contamination, the rolling apparatus was carefully cleaned, and the foils were etched in 

aqua tegia before and after the rolling process. Then specimens of 1 by 0.16 inches were cut. 

2.2. Quenching and Annealing. 

The apparatus used for quenching has been described by Westmacott and Peck25, and 
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consisted of a Varian feedthrough fixed to a vac-ion pumped system, in which pressures in the 

range of 10~'torr wen- obtained. The samples were Joule-healed by clamping them 10 Hie 

feedthrough electrodes. Most of the quenching treatments were done by heating the sample 

until the center portion of the sample melted, interrupting the healing current and producing a 

rapid cooling, mainly by conduction. When the quenching was done from lower temperatures, 

a small thermocouple of Pt-Pt 5% Rh was spot-welded to the foils lo measure the temperature. 

In this esse the quenching was done by switching off the heating current Using this method, 

according to Westmacott and Peck25, the quenching rate in the center of the sample is approxi­

mately 2500°C/sec. In order to study the effect of the quenching atmosphere, some of the 

quenchings were done in a deliberately poor vacuum (—10r2lorr) or in air. 

When necessary, the samples were annealed (in a salt bath) immediately after the 

quenching. 

2.3. Thin Foil Preparation. 

The specimens for the electron microscope were always obtained from the center por­

tion nf the foils. After a pre-lhinning in boiling aqua regia for about 5 to 10 minutes, the speci­

mens were prepared using an ac eleclropolishing technique21. The electrolyte used was a solu­

tion of equal volumes of phosphoric, sulfuric and nitric acids at room temperature. The current 

density was between 0.2 to 0.5A-cm'2 (ac) and the voltage, 3 volts. After approximately 5 

hours of electropolisbing, the foils were carefully washed in water and methanol and then dried. 

Small samples were cut from the end of the foils and observed in a Phillips Electron Micro­

scope EM-301 operated at 100KV. 
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2.4. CarWrizli Trnnwit . 

To study the effect of carbon content on the dusterirg of vacancies, more carbon was 

added to both materials (Pt A and Ft B), by two different methods. The first method has been 

described in detail by Dabmen*. With this method ctrbon layers of about 3S)A thick were 

deposited on bot'~< sides of the foil, diffused into Uie sample by annealing in a vacuum of 

ICT'torr at 1500'C for one hour, and then quenched from near the melting point. After the 

treatment, the carbon content should theoretically be —400appm, but it it estimated thai t*s& 

than half of the deposited carbon is diffused into the foii, by ibis n.'Mhod. As it has been 

reported by Dahmen26, an appreciable decarcurizatioQ lakes place during vacuum annealing 

However no analysis was performed because the difficulties of making this in small samples (a 

minimum of O.Sg is required). 

The second method consists of putting the samples in a graphite crucible with graphite 

powder inside. High purity material was used for both purposes, the crucible and the powder. 

The crucibie was then put into a silica capsule and heated at 1500*C for two hours to achieve 

the solid solution equilibrium. After the carburizing treatment the samples were carefully 

cleaned and quenched as usual. 
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3. RESULTS 

3.1. Secondary Defect Stractare im PlKhmm B. 

3.1.1. Ucps with 6 - * / 3 < l M > . 

The relatively impure Pi, Pt B, was quenched from near the melting point (~1760*C) 

under a vacuum of ~ 10~,corr. This trealment resulted in the formation of stable planar defects 

iyir.„ on {1001 planes which show fringe contrast The contrast analysis showed that they are 

faulted loops having a Burgers vector, b, and a displacement vector, R, equal to a/311001. A 

se: of micrographs showing these defects are given in Fig.l. 

Assuming the contmsl theory (diffraction contrast in two beam conditions," is valid for 

(100) loop:., the predicted behavior of loops with *-/?-a/3[IOO) under various diffraction con­

ditions is given in Table III, which is in complete agreement with the experimental results 

shown in Fig.l. 

For example, with the diffraction vector £- ]Tl and the beam direction 0—[121], the 

three sets of loops on (100) planes are in contrast. The faults in each of the three sets are visi­

ble since a—±2jr/3, but the dislocations are not since £•*—±1/3. With ihis beam direction 

and g vector (£—[1211 and £—111), the geometry shown by the defects is almost the same as 

for loops lying on {111} planes and therefore difficult to distinguish from them. However, for 

(111) defects one should have four sets in contrast with one of them edge on, while for (100) 

defects there is not a set edge on (see Fig.la). The geometry of the (100) traces in a 1112] 

orientation can be observed in the stenographic projection of Fig.4b. 

When the beam direction B-tOU] and g-200 (Fig.lb) only the set of (100) loops edge 

on with A-^-a/31100! is seen, the other two sets are invisible since both g-b and a are zero. 
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This shows definitively that the loops are tying on (100) planes and the Burger* v^iors are in 

<I00> directions. The stereographic projection of (be [Oil] orientation is shown in Rg.4t, 

where the traces of (100) planes have been drawn. 

With if-[Oil) and £—133 (Fig.lc) one set of loops is again edge on while the other two 

sets make equal inclination to the beam; for these sets a—±2» and no fault contrast is 

observed (d k w,=700A, f u 3 -385A), whereas g-b-±\ and the dislocations are in strong con­

trast. 

Finally, with £-[111] and £—202 (Fig.ld',, two sets of loops are seen for wbkn 

«— ±4n/3, and the fault contrast is observed in both sets. However, since f*—±2/3 for one 

set and £•*—(±2/3) for the other, only one set shows the dislocation in contrast. Again Ibe 

geometry shown by the loops was consistent with the trace analysis, see Fig.4c. 

3.1.2. Effect of Qwnching Temperature. 

The effect of decreasing the quenching temperature, but maintaining all the other con­

ditions constant, resulted in a decrease in the loop size. The loop density was more or less the 

same at 1500°C, but clearly larger at 1300°C. When '.he quenching was done from 1000'C, few 

defects were observed, and these were only at dislocations. Fig.2a,b,c show areas of different 

samples quenched from 1760, 1500 and 1300°C, respectively, imaged under the same contrast 

conditions. Fig.2d shows a representative area of a specimen quenched from 1000°C. 

In order to estimate the density of loops, it was necessary to determine the thickness of 

the thin foils. This was done by counting the number of thickness fringes from the edge of the 

foil under the appropriate contrast conditions, as described by Hirsch a a/.27. This method 

gives only an approximate estimation of (he true value, since important errors can be intro­

duced by the inaccuracy in the ralculation of the real extinction distance. Since there is no gen­

eral method of measuring the deviation from the exact Bragg angle and the contribution of the 
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high order reflections cannot be completely avoided, the thickness of the foil can be over 

estimated by a range of 5 to 50%. In order to minimize the error special care was taken using 

this technique. 

in some samples, when the foil surface was approximately parallel to a specific crystallo­

graphy plane and large defects cutting both surfaces of the foil were found, the trace method 10 

estimate the foil thickness was used27. If the electron beam is normally incident to the foil sur­

face, the foil thickness i is given by t-WXituQ; where (f is the projected width of the defect 

and 4 is the angle between the plane of the defect and the foil surface. There is also a possible 

error using this determination which comes from the fact that the foil surface may not be 

exactly normal to the electron beam. This error can be avoided by determining the deviation of 

the foil surface from the ideal position, normal to the beam27. The estimated thickness of the 

transparent regions of the foils using one of these methods or both, varied between 500 to 

1500A. 

Because of the inaccuracy in the estimation of the foil thickness and rvher errors which 

will be discussed later, only an approximate determination of the loop density per unit volume 

was possible. The equilibrium vacancy concentration in Ft at the quenching temperature (with 

data obtained elsewhere3'), the estimated loop density and the vacancy concentration stored in 

the defects, at each of the quenching temperatures are given in Table IV. 

3.1.3. Effect of Annealing in the Secondary Defect Structure. 

Wben a post-quench ageing treatment was given to the samples, a different structure 

was observed. A posl-qjench annealing of 24 hours at 400°C to the foils previously quenched 

from 1760°C resulted in the formation of faulted loops lying again on {100} planes but with 

different Burgers vectors. The shape of the loops were almost square, with the sides lying on 

<110> directions in contrast to the loops described earlier which had <100> edges23. A 
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detailed contrast analysis wis made, and a series of micrographs showing the results are given 

in Fig.3. 

With the diffraction vector x—TlT md beam direction B-IT12), Fig.3a three sets of 

loops ore in contrast. Looking carefully at the microcTiph it is possible to distinguish two kinds 

of defects', the smaller ones, type a, have circular shape and the larger ones, type B, have a 

square projected shape. While the a loops show only the fault in contrast, B loops show the 

fault as well as the dislocation in contrast for the three sets. 

Keeping the same diffraction vector f i l l , but tilting now to J-1011], one set of 

loops become edge on, another increases the apparent size, and the last one shows the opposite 

of the former one (Fig.3b), which is consistent with the fact that they ire now making equal 

inclination to the beam. With the same beam direction £—[011] and using now the (Til] 

reflection we see again the three sets of loops in contrast, Fig.3c. 

Tilting the specimen to the [Till orientation and using the diffraction vectors£—202 and 

£—022, Figs.3d and 3c, it cab be seen that ons set of loops is always in contnst while one of 

the other two is alternatively out of contrast in each case. Under these conditions, the visible B 

loops do not show fringe contrast, while the dislocations ire in strong contrast. However, a 

loops do show fringe contrast. It can be noticed that loops out of contrast show a typical resi­

dual contrast denoted by arrows on the micrographs. 

After this analysis, it is concluded that the habit plane of the loops must be (100). 

The corresponding diffraction patterns for the micrographs of Fig.3a-g are shown in 

Fig.3h-n. 

To confirm the results, a trace analysis of the loops was done. The stereographic pro­

jection of [011], [Tl2] and [111] orientations are shown in Fig.4. The traces of (100) planes 

and of <110> directions are indicated in each case. The three sets of loops are denoted by A, 
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B and C in FigJb and loop edge directions ire indicated by lines TA1. TBI, T82, TCI and TC2 

in Fig.3a,b,d,e. After the analysis it was found that the loop edge directions were coincident 

with the <11' directions and that the habit plane for loops A was (TOO), for loops B was 

(010) and for .jops C was the (001) plane. 

Type a loops are seen to be similar to the loops observed in the as quenched samples, 

i.e., with a Burgers vector b and a displacement vector JR—a/3<100>. The coat-ast behavior 

of 8 loops suggests that they cave a Burgers vector and a displacement vector perpendicular to 

the habit plane, bu: with a magnitude larger than la/31. The possible magnitude of these vec-

ic.j will be discussed later. 

3.1.4. Nature of the Loops. 

At this point it is important to analyze the nature of the loops, whether they are intrin­

sic or extrinsic. Using the simple method described by FoU and Wilkens2*, the loop character 

can be determined. Let 'a* and 'b' denote the loops maricci m Figs.3e and 3g, respectively. In 

FigJg, in which g—C22, loops V appeared to be smaller than in Fig.3e. The opposite is true 

for loops 'b'. According to Foil and Wilkens' rules, this means that (g-b)s>0 for loops V 

(inside contrast), and (£-A)s<0 for loops V (outside contrast). Since s is positive we will con­

sider only the Qj-W value. According with the analjsis, the habit plane of loops V is (010) 

and of loops 'V is (001), with normals pointing toward the beam source. So, for loops 'a' 

g-b>0 and then since £—022, bn>0 (n is the normal to the plane). This result indicates that 

loops 'a' are vacancy in character. The same conclusion was obtained for the other set of loops 

for which £ i < 0 , then since £—022, bn>0. 

3.1.5. AnnerMng at Higher Temperatures. 

When samples were annealed at higher temperatures, 450 to 550°C for one hour, larger 
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loops were observed. The loops were still faulted with the same Burgers vector as loops 

formed after 24 hours of annealing at 400*C, nevertheless the loop shape remained roughly cir­

cular. 

The loop density was much less compared with the density al>er Miyfimg at 400*C. 

From this it is concluded that larger loops grow at the expense of smaller ones. Fig.5 shows an 

example of these large loops af.er an annealing fit SSO'C, where it tan be noticed that there are 

still some small loops present, noted by (*) on trie micrograph. Ai1 the defects observed were 

truncated by the foil surfaces, thus, it was easier to do the analysts of IK- fault nature. Using 

the method described Gevers el aLv, it was determined that the faults were intrinsic in nature, 

the micrographs of Fig.6 are showing an example of the analysis. All the characteristics of the 

fringes show that they correspond to 2*73 type of fringe:!. These type of fringes can 

correspond either to a stacking fault or to a planar precipitate. 

Finally when the annealing temperature was increased at 600*C for one hour, all the 

defects were annealed out. 

3.2. Secondary Defect Structure in Platinum A. 

When the purest material (in terms of the total impurities), Pt A, was quenched from a 

temperature near the melting point in the same conditions as for Pt B, no defects were 

observed in the material as quenched. It was only after some annealing that black dots (in 

bright field) were observed, as shown in Fig.7. The micrograph of Fig. 7 shows a representative 

example of the structure observed in Pt A after a post quench annealing at 400°C for one hour. 

When the annealing time was increased to 24 hours, a structure observed was similar to 

that in Pt B after the same treatment, see Fig.8. 
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3.3. Effect of Carkon Alans tat Qaenckbtg AtMsphere la Ike Defect FtnutiM. 

After the quenching treatment given to stiiples of Pt B with a low amount of carbon 

added, the secondary defect structure observed was similar tc that for Pt B after the wenching 

from 1300°C, as it is shown is Fig.9. The estimated loop density in these samples was 

5.5xlOMcm~3 and the estimated average loop size was 300A. 

When more carbon was added, using the second method described in Sec.2.4, no 

defects were observed in the samples after the usual quenching treatment; no loops were 

observed after an annealing at 400°C fo; 24 hours either. However, precipitins of a secou^ 

phase were developed after this treatment, which give rise to extra spots in the diffraction pal-

tern. Since this could be a nuiier of another study, no analysis has been done from these pre­

cipitates. In Fig. 10 it is shown a micrograph and the corresponding diffraction pattern of the 

configuration showed by the samples in this latter case. 
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4. DISCUSSION 

4.1 Precipitation of Vacancies. 

Consider first the situation following the rapid quench from a temperature dose to the 

melting point, i.e. ~-1760°C. Due to the quenching technique used, the cooling rate is appreci­

ably high only until ~-400°C. From that temperature the rate starts to decrease more rapidly. 

As it was reported by Westmacott and Peek33, using this apparatus, the resultant quenching 

curves have a long tail which would produce a considerable annealing in certain samples. Thus, 

we will consider the final temperature of cooling as 400°C, even wisea a'l <i imptes were 

cooled to near ambient temperatures before opening the furnace. The vacancy concentrations 

at 1760°C and 400°C are >. .-8x\Cr* and C,-2.5xl0-", respectively, lEflA9tV*, see 

Fig.Il). If no vacancies are lost during the cooling, there is a supersatuniion of the order of 

.'xlO' after the quenching. 

The vacancies in excess may disappear by migration to free surfaces or grain boun­

daries, by joining dislocations o' by condensing on particular lattice planes to form plates or 

loops. As proposed by Frank30, the condensation of vacancies in FCC metal can occur on {111) 

planes, giving rise to a stacking fault bounded by a dislocation with a Burgers vector 

fc—a/311 111, or to a prismatic loop with Burgers vector fc-a/2[110] or to other defects2. The 

clustering on {111} planes has been observed in most of the studied FCC metals such as Al, 

Cu, Ag, Au, Ni and alloys, especially Al alloys. 

The fact that in Pt the vacancy condensation occurs on (100) planes, as already shown 

in Sec.3.1.1, was very surprising because the resultant configuration, after the removal of an 

atom layer on a (100) plane, followed by the collapsing of the adjacent planes (see Fig.12), is a 

very high energy stacking fault analogous to an A-A type of stacking on tl111 planes, therefore 
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very unstable. However, the present and earlier results show that (100) loops are very stable, 

since they remain faulted after cutting the foil surfaces in deformed regions of the foil, and 

also, after long annealing treatments. 

Why then does Pt prefer to form loops on [100) planes? and, why are they so stable? 

These questions will be answered later, after considering the interaction of vacancies with the 

material impurities. 

4.2. Analysis of the Impurities Present in the Two Materials. 

Before discussing the quenching experiments, it will be convenient to analyze the 

impurities present in the samples and their possible interaction with vacancies. 

There is a large difference in the concentration of substitutional impurities between the 

two materials, mainly in Rh, Pd and In content, which have atomic radii slightly smaller than 

the platinum radius. Since it is believed that only those oversized impurities have a s..ong 

attraction with vacancies'3, the effect of these impurities should not be very critical and can be 

neglected for the moment. On the other hand, carbon which is the most important interstitial 

impurity in platinum, is in high concentration in both materials, compared with its solubility 

limits (see Fig. 11). 

Interstitial impurities normally occupy octahedral interstices; but only when the 

impurity/metal atom size ratio R,/R„ is <0.41, these impurities can occupy the interstitial 

position without producing lattice strain. In the specific case of carbon in platinum, 

/?,//?„ — 0.56 (see Table I), therefore it is ~37% oversize. Consequently the elastic strain asso­

ciated with the presence of carbon is large and a strong attraction between carbon and vacancies 

is expected. 
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There are three pwwble interaction maaanisms between carbon and vacancies: (1) the 

carbon could be dispersed through the lattice u single atoms and became bound to vacancies to 

form single vacancy/carbon complexes; (2) the carbon could be clustered, and act as strong 

point of nucleations for vacancies; or (3) the carbon/vacancy complexes could start clustering 

hi so.ne denned crystal planes to form platelike precipitates. The first two possible mechanisms 

could occur at once, which will be discussed in Sec.4.3. The last possible mechanism will be 

discussed in Sec.4.4. 

4.3. Model I for Carbon-Vacancy UtenctlM. 

4.3.1. Model Formulation 

Let us rssume that carbon atoms are dispersed throughout the lattice as single atoms, 

and that even when some carbon clusters may exist at high temperature (before the carbon is 

in supersaturation), a significative number of clusters start to form when the point of saturation 

is reached. It is also assumtd that heterogeneous nucleation of vacancies in riatinum is much 

more important than homogeneous nucleation. Indeed, by the experimental observations, it 

seems that homogeneous nucleation is practically inhibited in Pt. The energy required to form 

the first vacancy nucleus is proportional to the surface energy of the metal and, Pt has a much 

higher surface energy than any other FCC metal studied (Ys"2100±700erg'cm~2). This energy 

barrier could be a reason that homogeneous nucleation is extremely difficult in Pt. 

Carbon atoms can start clustering on (100) planes; and the strain field associated with 

these clusters can lead to the formation of loops on (100) planes much easier than on (111) 

planes. It is assumed the first stable cluster to form these loops is already a plate like duster on 

a (100) plane and not a spherical cluster (because of the heterogeneous nucleation) 
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4.3.2. Experinenld EvMeice far the RMel. 

The facts that in Pt B the loops are already present after the quenching and, that in Pt 

A a long annealing treatment is needed for these defects to form, are very consistent with the 

present model. In Pt A the carbon concentration is three times larger than in Pt B 

(C r/C„-0.6), therefore more vacancies can be trapped by single carbon atoms and also, a 

larger number of carbon atom clusters may pre-exist as heterogeneous nucleation points when 

the vacancy supersaturation enough to start the clustering, is reached. Thus, it is more difficult 

to form the first stable cluster for the vacancy loops to start growing. It is only after long 

annealing that certain number of vacancy clusters can reach a size large enough to form the 

stable configurations on (100) planes. 

Since the solubility of impurities increases with temperature, for a given carbon concen­

tration the number of carbon atom clusters should increase as the temperature is lowered close 

to the point cf saturation (i.e., close to 670°C for Pt B and 950°C for Pt A). Therefore, when 

Pt B is quenched from a high temperature, the number of carbon atom clusters, which are 

already present before the supersaturation of vacancies become enough to start condensing, is 

smaller than when the quenching is performed from a lower temperature. This is consistent 

with the observation that larger loops, but in lower density, are observed after the quenching 

from ~1700°C (see Fig.2). The opposite has been observed in very pure aluminum, in which 

homogeneous nuclealion is believed to be dominant5. 

There is other evidence which supports the assumptions described in the present 

model. When little more amount of carbon is added to Pt B (Sec.2.4), the effect is almost 

similar to the efTect of decreasing the quenching temperature. That is, the number of pre­

existing nucleation points is increased in such a way that a large density of loops, smaller in 

size, are observed. It could also happen that a larger number of vacancies are trapped by single 

carbon atoms, since the vacancy concentration at the 'cops is lower than that in the quenched 



1* 

Pi B in the original conditions. However, this difference could be due only to the inaccuracy in 

the determination of the volumetric loop density. Since the inaccuracy in -,ie estimation of the 

foil thickness (Sec.3.1.2) and since the transparent regions of the thin foils were always very 

small and not uniform, the estimation of the loop density was only an approximate value. 

When much more carbon was added to the foils by heating the samples with graphite 

powder at 1500°C, Sec.2.4, the number of possible heterogeneous nuclei and the number of 

vacancies trapped by single carbon atoms are increased, to the point where the formation of the 

loops is totally inhibited. 

Finally, a consistent explanation holds for the observation that, no defects are formed 

when the quenching is performed in a poor vacuum or in air. It could be that either, the car­

bon content is reduced to a very low level, where no clusters can be formed (no c'cleation 

points), or that vacancies can be trapped by carbon and oxygen atoms together and no conden­

sation is possible. 

4.3.3. Stability of the Loops. 

Assuming that the (100) loops are pure vacancy loops, the high energy of these defects 

can be reduced by an unfaulting mechanism which leads to the formation of perfect loops. For 

a sessile Frank loop, this process occurs generally by the nus'estion of a Shockley partial, which 

then sweeps across the stacking fault transforming the faulted defect into a perfect glissile 

loop5-36. Such a mechanism seems to be much more difficult to occur for a fault lying on a 

(100) plane, sin :e there is not a simple partial dislocation able to move by shearing across this 

kind of plane to sweep away the stacking fault. 

However, one could think that the energy of the configurations is high enough to make 

these defects very unstable and therefore, likely to be unfaulted by any mechanism no matter 

how difficult. But the loops remain faulted and they grow to a relative large size during the 
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annealing. This makes it seem doubtful that the loops are only metastatic 

Therefore considering the defects as pure vacancy loops there is not a dear explanation 

for the stability shown by them. An alternative model is proposed in Sec.4.4. 

4.3.4. Burgers Vector of l ie Annealed Defects. 

By the contrast analysis of the loops formed in the material after the 24 hours of 

annealing at 400°C, or after 1 hour of annealing at temperatures higher than 450°C, it was 

determined that the Burgers and displacement vectors are normal to the habit plane of the 

loops. Because the fringes produced by the defects are not visible when the diffraction vector is 

of the type 220, it could be concluded that the magnitude of the Burgers and displacement vec­

tors is la/21. However, a displacement vector with this magnitude should give rise to a n- type 

of fringes; and it has been determined that the fringes correspond to a 2ir/3 type rather than w 

or 8 fringes. The conclusion that the fringes are of lirll type comes from the facts that they 

are symmetrical in bright field, asymmetrical in dark field, lire branching occrs at the center of 

the fringe pattern, and the fringe contrast was affected by small changes in the magnitude of 

the deviation from the Bragg position. 

On the other hand, it was determined without doubt, that loops are of vacancy type and 

also that fringes correspond to defects intrinsic in nature. 

Using the hard sphere model, it is impossible to explain the existence of a single 

vacancy type loop on a (100) plane, with a Burgers vector perpendicular to the plane and mag­

nitude la/21. The discrepancy could be explained if defects are thought as two layer; of faulted 

defects. It may be possible that, the interaction between the two layers of defects gives rise to 

contrast behavior different to the contrast produced by any of the other defects studied. The 

second defect can start growing on the parallel plane, next to the first defect adjacent plane, and 

the growth would continue until the the dislocations around the defects form a dipole, process 
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which would decrease the dislocation line energy. 

The above idea is supported by the observation of some double defects, in which the 

second layer was still smaller in dze with respect to the first layer, on specimens of Ft B which 

were annealed only 12 hours at 400*C. Examples are shown in Fig.14. Moreover, it can be 

observed in the micrograph of Fig.6 VJZ. of the leaps does sot show fringe contrast in the 

center part, but only some very faint residual contrast. This configuration can be explained as a 

three layer faulted defect, with a displacement vector R—a/3<100> for each one. The over­

lapping of three layers should make the fringes disappear, as it is observed in the loop A of 

Fig.5. 

Here is other alternative explanation for the discrepancy in the coumst behavior of 

the secondary defects after .he annealing, which will be dimmed later in terms of the second 

model proposed to explain the (100) type of secondary defect formation in Pt. 

4.4. Model II for Carbon-Vacancy Interaction. 

Since both, carbon and vacancies, are in supersaturation at 400'C in both materials, see 

Fig.ll, the precipitation of both should occur. Let assume then that this process occurs by a 

co-precipitation mechanism. 

Using the hard sphere model and taking into account only the lattice strain due to the 

carbon atoms and vacancies in solution, the total energy of the system can be decreased if the 

configuration of the complexes is such that a carbon atom and a vacancy are next nearest neigh­

bors. This configuration has been schematically represented in Fig. 13b, where carbon atoms are 

located in the substitutional positions. Since interatomic potentials have not been considered in 

this simple model, the final stable position of carbon has not been calculated. The stable posi-
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tion should be somewhere in between the substitutional and the normal interstitial porilion" H , 

but to determine the theoretical final stable configuration is a nutter of more complicated calcu­

lations. 

Now, once the complexes are formed, they can condense in particular lattice planes in 

the same way as vacancies do. Comparing the precipitation of these complexes with normal 

vacancy precipitation on (111) planes, if a complete collapse to form a stable defect with 

A- a/3 < 111 > occurs, the carbon atoms will be forced to be again in interstitial positions with a 

consequent increase in the energy of the configuration. On the other hand, if precipitation 

occurs on 1100} planes, the limited relaxation of the atoms in the <100> directions, due to the 

contact between adjacent atoms, still leaves holes sufficiently large for the accommodation of 

the carbon atoms in a stable position without producing extra strain in the lattice. See in Fig.13 

the schematic sequence of these carbon/vacancy plate precipitate formation on (100) planes, 

which lead the final configuration of an a/3<100> loop. 

The last configuration of Fig.13'1 is the same configuration for the case of pure vacancy 

condensation on (100) planes shown in Fig.12, i.e., an imperfect dislocation loop with 

t— a/31100]. In this model, due to the presence of carbon atoms, an unfaulting by shear can­

not occur since this process would have to be accompanied by a return of the carbon atoms to 

normal interstitial sites, making the process energetically unfavorable. 

Once the plate like precipitates of vacancies and carbon are formed, more complexes 

and carbon atoms can migrate to the defects during the annealing. The final precipitate 

configuration after long annealings can be interpreted as two layers of vacancies with a layer of 

carbon atoms in between. Because the carbon plate like precipitates are very thin they do not 

contribute to the diffraction process, therefore they can not give rise to a S fringe pattern. The 

fringes in this case will be only due to the displacement of the lattice, normal to the precipitate 

habit plane, therefore, they will be a fringes with symmetric bright field and asymmetric dark 
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field behavior. 

Because of the configuration of the defects (described above) the fringes correspond to 

an intrinsic type of defect, which is consistent with the results. 

The magnitude of the displacement vector is a/2. With this displacement vector the 

overlapping of two precipitate layers should make the fringes disappear, which would be the 

case of loop A in Fig.5. 

Let us analyze new the influence of the quenching temperature and amount of carbon 

dissolved in Pt, in the formation of these precipitates. 

If it is assumed that no vacancies are lost during the quenching, the ratio of carbon 

atoms to vacancies, Cc/C,, is 0.2 when Pt B is quenched from ~-1760*C. Now, when the 

quenching temperature is lowered to 1300*C, CJC, is 3.2. With this ratio equal to 3.2, loops 

are still formed after the quenching. Analyzing now the case of Pt A, when the foils are 

quenched from ~1760°C, the ratio CJC, is 0.6 and the loops are not formed in this case. 

The later point is still not perfectly explained by the present model. One possible 

explanation is that substitutional impurity clusters can be points of nudeation for the 

carbon/vacancy complexes. Because in Pt A these clusters are more difficult to form (since 

substitutional impurities are in a lowe' level) an annealing is necessary to form the precipitates 

on (100) planes. 

Substitutional impurity clusters actii.g as nudeation points for the complexes would 

explain also the formation of a larger density of loops in Pt B when the quenching temperature 

is lowered to 1300°C. 

However, if the above explanation account for the differences in the precipitate forma­

tion between Pt A and Pt B, the same explanation can not account for the formation of a 
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higher precipitate density when more carbon is added to Pt B. 

Although the present model can explain very well the stability of the loops and the 

discrepancies between the displacement vector of the defects and lite fringe contrast showed by 

them, the same model can not explain consistently the differences in density and size of the 

precipitates in the two materials after (be different treatments. 

On the other hand, the model proposed in Sec.4.3 is consistent with the differences in 

the defect formation between the two materials and the differences in density and size of the 

loops after different quenching temperatures. However, it does not explain clearly the 

discrepancies between the fringe contrast showed by the defects and their displacement vector, 

and the stability of the loops. 

• 
To determine accurately the mechanism responsible for the formation of (100) loops in 

platinum it is necessary: (a) to obtain more precisely the carbon solubility limit in Pt; (b) to 

make theoretical calculations of the contrast behavior of the defects on {100} planes under 

different diffraction conditions; and (c) to obtain accurate values of the carbon concentration 

present in the samples used. 
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7. FIGURE CAPTIONS 

Fig.l. Micrographs illustrating difl'raction contrast behavior for loops on (100) planes with 
*-a/3<100>. 

Fig.2. Comparison of the defect structures in Pt B quenched from different temperatures, (a) 
I760°C. (b) I500°C. (c) 1300°C. (d) lOOO'C. 

Fig.3. Loop analysis of Pt B quenched from ~1760°C and annealed at 400°C during 24 hours. 
All micrographs are two beam bright field images taken with different diffraction condi­
tions, indicated in the micrograph. Loops or are similar to those in the as quench 
material. Loops j9 are developed after the annealing. V and 'b' are loops used in the 
analysis of the defect nature. The diffraction patterns corresponding to micrographs 
3a-g are shown in 3h-n, respectively. 

Fig.4. Stenographic projections of Tl2, Oil and 111 orientations used in the trace analysis of 
micrographs of Fig.3. 

Fig.5. Pt B quenched from ~1760°C and annealed at 550°C during one hour. (*) indicates 
small loops which are believed to be disappearing during the annealing. A indicates a 
multiple loop. 

Fig.6. Bright field and dark field images of a large defect cutting both surfaces of the foil. The 
analysis shows that this defect is intrinsic in nature. 

Fig.7. Pt A quenched from — 1760°C 2nd annealed at 400°C during one hour. 

Fig.8. Micrographs showing the secondary defect structure in Pt A after quenching and 
annealing for 24 hours at 400°C. 

Fig.9. Micrograph showing the effect of adding a small amount of carbon to Pt B. The 
annealing conditions are similar than for samples of Fig.1 and Fig.2a. See text for 
details. 

Fig. 10. Micrograph and corresponding selected area diffraction patterns of Pt B, after an anneal­
ing at 1500°C during two hours in contact with graphite powder, before the quenching 
at ~1760°C and a final annealing at 400°C during 24 hours. Note the weak extra spots 
in the diffraction pattern of 7c, taken from the same arei in an approximately exact 
orientation. 

Fig. 11. Graph of carbon and vacancy concentrations as a function of temperature. Two alterna­
tive curves for the carbon solubility (Ref.33,34) are plotted, but the present work is 
based on the data of Ref.33 as reported by Ref.35. 

Fig. 12. Final configuration after the condensation of vacancies on a (100) plane and the relaxa­
tion of the lattice to form an a/3[100] loop. 

Fig.13. Schematic representation of the events leading to the formation of an a/3[100] loop by 
a co-precipitation of carbon and vacancies, (a) Isolated vacancies and carbon atoms, 
(b) Vacancy/carbon complexes formation, (c) Precipitation of the complexes on (100] 
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planes, (d) Final configuration of an a/3 [100] loop. 

Fig. 14. Ft B quenched from —VbO'C and annealed 12 hours at 400*C. Double loops are 
noted by snows. 
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8. TABLES 

TAILE 1.. A M i c Mbl l Vabes iMadUU AMOS in FCC MtUb. 

Inieraiiiiil Solute. Cirbon, R(—0.77A Oxygen. /?o"0.6SA Nitrogen. /?^-0.53A Hydrogen J?W-0.37A 

Solvcni McUl Rm(A> RclRm Oversize (*) KQfRm Oversize (%) RulRm Oversize M l *«'*» Oversize (%1 

Nickel 1.24 0.62 SI 0.52 27 0.43 S 0.30 -27 

Copper 1.27 0.61 49 SSI 24 042 2 0J» -2f 

y-lron 1.29 0 60 46 0.50 22 0.41 0 0.29 -29 

Plilinum 138 0.56 37 047 IS 0.3» -7 0.27 -34 

Aluminum 143 054 32 0.45 10 0.37 .10 0.26 -37 

Silver 1.44 0.53 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 160 0.43 5 0.36 -12 0.29 -29 0.21 •49 

TABLE II.- Chemical Analysis of the Materials.t 

Material Rh Pd Ir Si Ag Fe Ti C* Nominal 
Purity 

PtA 

PlB 

40 - - 70 5 52 20 

3000 950 300 140 - 70 -

480 

<160 

99.99% 

99.76% 

t Figures given in appm. 
* Analysis made in a Leco low-carbon analyzer. 
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TABLE III.- VIIMS tlgimia(-2wgR)lH I / 3 (1M) U * s . 

s b-± 1/311001 A-±1/310101 *-±l/3IOOH R- ±1/311001 5-±l/310101 X-±1/310011 

111 ±1/3 (1) ±1/3 (1) ±1/3 (I) ±2»/3 (V) ±2»/3 (V) ±2»/J (V) 

200 ±2/3 (V/1I 0 (1) 0 <1> ±4»/3 (V) 0 (I) 0 U) 

202 ±2/3 (V/l) 0 (1) ±2/3 (V/I) ±*wfi (V) 0 a) ±4»/3 (V) 

133 ±1/3 (1) ±1 (V) ±1 (V) ±2»/3 (V) ± 2 . in ± 2 * (1) 

(I) Dislocation loop or sucking fault in weak cot.uasl. 
(V) Dislocation loop or stacking fault in strong contrast. 

TABLE IV.- Loop and Vacancy Densities in Pi B for Different Quenching Temperatures. 

Quenching 
Temperature C O 

Equilibrium 
Vacancy Concentration 

Loop Density 
(1/cm3) 

Vacancy Concentration 
Stored at Loops 

1760 8.0x10-* 3.0x10" 4.0x10-* 

1500 2.5x10"* 3.6xl0 1 4 2.0x10"* 

1300 5.0xlO-5 S.OxlO14 A.OxlO"5 

1000 5.2xl0" 6 - -
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XBB 780-13279 
Fig. 1 
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XBB 790-15985 

Fig. 2 
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XBB 790-15975 

Fig 3 
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XBB 790-155~6 

Fig 3 cont 
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XBB 790-15977 

Fin. 3 cont. 
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Fig 5 

Fig. 6 
XBB 790-15982 
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Fig. 7 

XBB 790-15983 

Fig. 8 
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Fig. 9 
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Fig. 14 


