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" FIELD ION INVESTIGATIONS OF Ta-Mo SOLID SOLUTIONS

- N, Durai Raghavan,*‘s. Ranganathah,ff and G. Thomasg'

 Inorganic Materials Research Division, Lawrence Radiation Laboratory,
' Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

December 1967

e ABSTRACT

A field ion microscope study of the tantalum—molybdenum system has

ubeen carried out at liquid hydrogen temperatures. The purpose of this

investigation was twofold; the first being to increase the knowledge on

the field ion microscopy of alloys, and the second being to categorize

 the segregation effects that become important at the high concentration

levels to make the alloys brittle. Micrographs have been obtained from
three alloys of the composition Mo-8 Ta, Mo-50 Ta and Ta-10 Mo and from
the two pure metals. The Ta-Mo alloy micrographs obtained show far more

irregularity than those from W-Mo alloys. . The greater regularity of the

'~ Mo-8 Ta micrographs over those from Ta-10 Mo has been shown to be in ac-

cord with predictions based on field evaporation from diiute'alloys and

" the unexpected large difference in the regularity has been accounted for

by considering the polarization and heat of solution terms in the field

evaporation equation.

Inorganic Materials Research Division, Lawrence Radiation Laboratory, -
and the Department of Mineral Technology, College of Engineering, Univer--
sity of California, Berkeley, California.

Now of: The Franklin Institute, Research Laboratories, Philadelphia,
Pennsylvania 19103,

Ll Now at: Banaras Hindu University, Varanasi-5, India.
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 ¥Cdﬁpufef”simu1ati6n of_images*ffom'random aﬁd:ciusfefed alloys has
“been perfbrmed'onjthé'assumption-that-sqlufe atoms.do-nOt participate in

" image formation. The far too great'regulafity of such computed images

.ffind;cates-that the totalviﬁvisibility criterion is .an oversimplification. S

A band structure resulté whenvdeviéfions from randomness become appreci-
ablé in the.clustered alloy, Contrast to be expected from a demixed
;‘Alloy in the Ta-Mo systgmvhas been discussed, but the available experi-
mental evidence did not reveal such contrast effecté. It has been con-ﬁ'?,gi
cluded that the width of such demixed zones probably exceeds 10004. Ho%-;:“
ever, a tepdency for local clustering on the [200] planes was ébserved 7

" in the Ta-50 Mo alloy.
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1. INTRODUCTION

‘The field ion microscope is capable of a resolution of 2-34 and there-

. fore can display the atomic atrangement on a metal surface. The microscope

is thus i1deally suited for investigations in'ﬁhich the behavior of atoms
in a metal crystal is to be considered. In particular it has shed valu- |
able information in the study of lattice imperfections, structure of metais
and alloys, and the d&namics of fédiaﬁion damage. - Such information has
been mostly obtained from pure.metals, the micfographs of which are char-
acterized by extreme regularity. ‘The field ion microscope study of alloys,
however, has.progregsed at a much slower pace. Except in thevcase of
ordered alloys, thé ion images from alloys are extremely irregular. A
significant limitation imposed by such a lack of crystallographic regular-
ity 1s that it is very difficult to récognize and determine the ﬂaﬁure of
any lattice defects present.

In the past, two systems, namely the W-Mo system and the W-end of the
W-Re sjstem, have been stﬁdied quite extensively. Caspary and»Krautz(l)
who investigated the W-Mo system, obtained micrographs from alloys con-
taining 25, 50 and 75% Mb,'and compared them with those of pure W and Mo,
They found that the irregularity in the images increased towards the‘Mb-
end.  They concluded that the random surfaces are due to preferential

2) who studied the W-end of the W-Re

evaporétipn of Mo. Ralph and Brandon
system, looked at two single phase alloys, viz., W-5 a/o Re and W-26 a/o
Re and a two-phase alloy containing 34% Re. The single phase concentrated

alloy was found to yield very irregular images. The two-phase alloy was

shown to exhibit contrast due to the o-phase. They also presented evi- - i

dence to suggest that Re atoms tend to cluster and advanced a method to



distingdiéh between the atomié species;'lwdrk‘on'individual alloys has
" been conducted to understand spécifiC‘phendmena such as field evaporation.

3)

- DeBroff and Machlin studied the field evaporation and imaging charac-

teristics of dilute splidvsolutibns of gold, cobalt, nickel, tungsten, and . .

‘ ‘palladium in platinum. They interpreted the vacancies observed on high
index plénes to arise out of preferential evaporation of solute atoms or -

- of solvent atoms or of both.

It is therefore evident that a deeper understanding of how the solute:, \'u
- modifies the field ionization and the evaporation characteristics of the -
" solvent is possible onlyAwith more data on alloys. vIn‘choosing a system, . .

 attention was directed towards the four metals of. Groups VB and VIB, viz., - -

‘ Nb, Ta, Mo and W. In addition to their refractoriness, these alloy sys-

tems possess interesting mechanical properties. Of the six possible

binary alloy systems of these four metals only Nb-Ta and Mo-W are ductilé4.%

at all alloy compositions. The rest show cleavage behavior at high alloy

concentrations.(4’5)

the ductile group, has been studied extensively. Considerable information .

~on the Ta—Mo system belongiﬁg to the other group is available, Tantalum
and molybdenum form completel§'mis¢ib1e solid solutions with.éach other
as do all the other binary alloys of. the four refractory metals, Nb, Ta,

Mo and W, Previous work on the Ta-Mo system(6) has shown that alloys in

the composition range ¢f Mo-19 Ta to Mo-58 Ta cleave on the'{loo} planes., -

X-ray intensity measurements indicated that there exist deviations from
random solid solution in these alloys and it was suggested that cleavage
occurs due to a violation of the strain energy restrictions on the elastic

coefficients in a local region of the crystal. It was therefore decided

-2- S UCRL-17711-Rev,

As mentioned before, the W-Mo system, Beldnging to

.. @



-3- I UCRL-17711-Rev.

to study the Ta-Mo system since the investigation, besides providing useful a

. information on alloys, can be expected to throw light on the nature of this .. -

demixing.

2. EXPERIMENTAL PROCEDURES

2.1, Low Temperature Microscopy

The present study was conducted in a stainless steel microscope fitted

with a liquid hydrogen cryotip.(Z)

In the cryotip, which is an open-cycle
Joule-Thomson refrigerator, a small volume (2-5 cc) of liquid hydrogen is
generated and maintained in a sealed portion‘of the microscope, thereby

eliminating hazards due to storage, handling and transfer.

2.2 Specimen Preparation ,

Tantalum and molybdenum are aQailable in fhe form of 10 mil wires and
can therefore be directly used for preparing field ion specimens, In the‘
case of the alloys, the alloy crystals were first obtained as rods groﬁn
in an electron beam zone refiner, by ﬁelting together proper combinations

'of tantalum and molybdenum roas of different diameters. The homogeneity
of the alloys was checked with an‘electron microprobe analyzér. The com-
position deviations over 100u intervals were found to be less than 37%.

The exact compositions of the alloy crystals were‘;hen determined by lat-
tice parameter measurements and by comparing the observed lattice paraméter :

(6) The

with previous lattice parameter data on the Ta-Mo alloy system,
compositions of the alloys grown were determined to be Ta-10 a/o Mo, Mo-8

a/o Ta, and Ta-47 a/o Mo. The Ta-47 a/o Mo alloy, for convenience, will

from now on be referred to as the Ta-50 Mo alloy. The two end alloys were



Cee | UCRL-17711-Rev, -

- sﬁécesgfuilyvrédﬁced.tb Qirerfbrm by'a ;ombinatioﬁ of gwaging and cold
rolling. This method was found not to be‘éppliééble.for the Ta-50 Mo alloy,
which is_too.brittle. Spark cutting has proﬁed to be the only method that
is fairl& sdccessful. Twenty mil thick wires were found to be of the op-
timum dimension. Thihnervwires crumbied while spot welding to the nickel

wire of the specimen holder preparatory to electropolishing, whereas thicker - .

 »’ wires took too long for polishing. Fine tips suitable for field ion micro- . -

scopy were obtaine& from these wires by electropolishing. Mo and Mo-8 a/é

.Ta alloyé are both conveniently polished in a 20% aqueous solution of KCN

at 5-10 volts ac, employing the double layer method. The polishing of Ta-

10 a/o'Mo and Ta-50 é/o Mo is consideraﬁlyymore difficult. Theée wires

weré electropolished in anzelectrolyte.consisting of 4 parts of HF, 2 parts{¥ 
6f HZSO“, 2 parts of H3P04, and 1 part of acetic aéid to which some HNO3 |
was added. An iridium cathode was used and polishing was done at 10-15

.. volts dc, 0.1—0.}5 amps, and -10 to -20°C. The low temperature was meant«“ ‘
to reduce‘oxygen and hydrogen pickup. The method is not reproduéible; in _ €:
parﬁicﬁlar Ta-10 a/o Mo specimens gave extra difficulty while polishing. '

The tips were either blunt or swiftly destroyed by flashing in the micro-

'scope, apparently due to oxygen embrittlement during polishing.

3. RESULTS

3.1 Pure’ Tantalum

Figure 1 1s a helium ion micrograph of pure Ta obtained at 21°K. The'
field evaporation and form of Ta have been discussed by Nakamura and Mﬁller(s)
in detail. Tantalum is observed to develop a large number of planes, in

particular {200} (which is developed poorly in W and Mo), with excellent
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resolution, = The micrograph has characteristic iﬁtensity distribution;

the square {002} région bounded by:{Oll} planes is bright, whereas the
.triangular {222} region also bounded by'{Oli} planes is dim except for |
the'{222} planesbthemselves. The region extending from the {112} to {114}
is found to be charaéterized by a random appearance brbught about by a re-

.arrangement of atoms. The prominent spots in these regions have been sug-

(8)

gested to be due to metal atoms in a low coordination site.

3.2 Molybdenum

'Figure 2 is a field ion micrograph of Mo at 21°K, The number of
lplanes appearing well déveloped énd well resolved is cénsiderably leés
than in Ta. This is to be attributed to the higher strength of thé Ta
lattice, és well as the poor working range of Mo. 1In Mo the {222} regions,
in particular,.yield under the shear component of the field stress. Mul-
ler(g) has éuggested that the dislocation loops formed as a result of this.
. yielding are responsible for tﬁe random appeérance of the'{222} planes
in Mo. The dislocation loop contrast obtained in field-ion micrographs
has been considered carefully by Durai Raghavan, Petroff, and'Ranganathan;(lo)
.The intersection of a loop on the specimen surface resulfs in well-defined
image contrast due to the two line segments, the nature of which is defined
by the Burgers vector and the habit plane of thevloop.' It is to be con-
cluded'that the presence of dislocation loops cannot be the primary cause
for this random apéearance of {222} planes in Mo. The Mo micrographs show
other differences, as well, from the Ta pattefns. The intense square re-

gion of {100} in Ta is dim in Mo while the weak regions around {111} in Ta

are exceedingly bright. The presence of low coordination sites identified
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by theix brightqéss"1s_qot observed. ‘The [001] ;One;deéoration line running  _ 
. between {011} ‘and {002} planes, totally absent in Ta, is observed, though a .
not in:as clear a fashion as in W.

. 3.3 Mo-8 Ta Alldy

Of the alloys of the Ta-Mo éystém.studied, Mo-8 Ta gave the mést regu- 
‘lar images, Figure 3 is altypical field ion mi@fograph from»aiﬁo;B‘Ta'tip;”f:“i
.The orientation is an uﬁuSual <100> compared ﬁo the normal <110> texture S
| :developed by Ta, Mo, and W. This is obviously'dﬁe to the severé deféfma-
tion‘introduced duriné the:reduction of the alloy réd fo a wire and thé
v'vsubsequeﬁt annealing, All the speéimens of this alloy, that were lookedv:
at in the_microscope, exhibited the same o;ientation;l

The intensity difference on either side of the:{112} planes is found‘ f
:to be much less marked than in the'micrographs of Mo-8 Té imaged at 77°K,‘;i."w

(8)

A similar feature has been observed in Ta micrographs. A good numbgr :

of planes like {110}, {112}, {310}, and {222} are all observed to be well: f':
developed. The {222} refion of Mo which generally appéars with poor re- ;Vf} 5"'
solution is delineated with much better resolution in these microgfaphs. > '  
A long series of ﬁictures from this alloy tip was taken Qsing a pulse
generator with single pulses of height 1 kV and a width of 30 usec. All'
the.MOTS Ta micrographs, obtained in such an evaporation sequence, sﬁowra.
small number of bright spots in the usﬁall& less intense region between -
'(110) and (200) planes and a small number of wgak spots in the intense-v S .~
triangular region. The Ta atoms, on the other hand, are expectéd to be |

bright in the first region and weak in the second. This leads to the o - ‘

possibility that there could be a one-to-one correspondence between such
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spbts and Ta atoms. Thus‘Figs. 4a and 4b, which were obtained in conse-
- cutive field evaporation pulses, show the evaporation of a group of atoms

tentatively identified as Ta atoms.

3.4 Ta-10 Mo Alloy’

Figure 5 shows a helium ion micfograph from a Ta-10 Mo tip. The
‘addition of 10 a/o of molybdenum is seen to have disturbed the field ion
image extensively. Since the addition of Mo aléo results in considerable
strengthening of Ta, the appearance of such random surfaces cannot be
due to lattice deformation by the fleld stress. The good resolution in
the {110} and {130} regions rules out the possibility that the specimen
~ did not quite attain low temperatures. |

The.addition of Mo also results in a good numbér of dark regions
where no imaging is apparently taking place, and whiéh pérsists during
field evaporation (Fig. 6). This is pe;haps due to préferential field
evaporation of oné species, Significantly present are also a large num-
ber of bright spots which are also not removed by extensive field eva-

poration,

3.5 Ta-50 Mo Alloy

Figure 7 shows ‘the heliqm ion micrograph of a Ta-50 Mo tip. The
micrograph is characteristic of a concentrated alloy in that‘only a few
planes, e:g., (110), (112), (222) and (310) are adequateiy-resolved.

The image is observed to be lacking in the characteristics of pure Ta or
Mo and in fact is more similar to that from W.alloys. The image intensity
is uniform throughout the entire micrograph. This is to be expected, how-

ever, since the composition corresponds to that of the middle alloy and
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'  fa.én&“M§!;ré:c&mplementé;y in:their iﬁagé inﬁeﬁs;ﬁy fé1ationship.
:'The'nuﬁbér 6f.SpOtS also appears to be significgntly less than would
be expected from a tip of 3004 radiusf Furthermoré,;almost all,éf the
~s';}ots apbear to be bright. These observations suggeét that perhaps not
' ail the sufface atoms are parficipéting in image formation, and.those thaé»
'I,are giving fise to image spots are perhaps in protruded positions on thé |
-'surfaée.
Fiéures 8a-c are a sequence of ﬁicrographs frdﬁ'a Ta-50 3pecimen sho&—€,-
ing ﬁhe effect of local clustéring.» The (200) plané in'Fig. 8a is fbund :
" to be well developed. Figure 8b was-bbtained by field evapération of.the
surface of Fig. 8a with a small pulse and it is seen that the (200) re-
glon has become less regular. After the removai of seven more atom pianes“
Fig. 8c was obtained. The microéraph now shbws the appearanée of a more
regular (200) region. This series, and others.doﬁe in the same way, in-‘.
-dicate that the composition is fluctuating and éould be explained by -

clustering over reglons of ZSR‘in'diameter.

4. DISCUSSION

4.1 General Features

(1)

Since Caspar; and Krautz have previously petfqrmed é similarvstudy |
on the W-Mo system, it is interesting to compare the micrographs obtained
from the &wo systems. MWhen this is done, it is obvious that the ion images

from the Ta-Mo system are considerably more irregular. Table 1, which
compares the planes that are identifiably present in the Mo alloy series,

well substantiates this point.  The increased irregularity in the Ta-Mo

images assumes greater significance since the two end alloys of the Ta-Mo



Table 1. List of planes appearing in field ion images of Ta-Mo alloys and W-Mo alloys

(2

Zones Planes Mo Content (a/o) of the Ta-Mo Alloys ‘Mo Content (a/o) of the W-Mo Alloy

uv hke  h2+k2+42 0 10 50 92 100 0 25 50 75 100

[100] 110 2 X x x x x X x ‘X X x
200 4 X X x X x b4 X x x x
310 10 X X. x x x b4 b4 X X
510 26 X ' X x
530 34 X x
640 - 52 - .

[111] 110 2 x X X X x x x X X X
211 6 X X X x X x X X b 4 X
2321 14 X X X X X X, X
431 ‘26 X x X X x
541 42 X b4

[110] 110 2 ‘x X x X X x X X x X
200 4 X x X x X x X x X X
211 6 ' x X X X x X X . x x
222 12 X X X X X X x x x x
411 18 X ’ X X X X X b4 X
332 22 X : x X X X X
433 34 X x x x x
442 36 X X X X
611 38 X p .4
622 44 x
552 54 X
644 68 x
662 76 x

_6-

*A9¥-TT/LT-THON
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syscem studied are.quiteldiluté‘compare&_to the»two.of‘the'W-Mb system
studied by Caspary'ahd Krautz, An asymmetry similar to the one observed

about the 50% solute in the W-Mo system can be observed to be present in

' the Ta~Mo microgriphs as well, but the sense of this asymmetry is oppo-

site. In W-Mo, the W-based alloys are more regular over a larger solute
concentration, whereas in the Ta-Mo system it is the Mo-based alloy that

is found to be more regular. Tt should, however, be noted that the com—

- positions of the alloys of the two systems studied are not the same.

. 4.2 Field Evaporation in Ta-Mo Alloys

Field evaporation is now_well'recognized to affect the nature of al-

: loy microgfaphs mainly through the pfeferential evaporation of retention

of the solute in the lattice. This approach has Been recently employed

by Brandon(ll)

in the case of field evaporation from dilute alloys. A
similar viewpoint has been taken in the discussion below towards under- o
standing the field evaporation process.

The activation energy Qﬁ necessary to fleld evaporate a B atom from

the surface of a dilute alloy of B in A can be calculated by considering :‘

the following cycle:
1, .Evaporate a B atom.
27 Ionize it n times where ne is the charge with‘which
B is ionized in the field evaporatipn process., .
3. Return the n eleétrons to the matrix A;

Qﬁ is-therefore given by:

B
! = -
Qp = Ayt IL - mo, ¥ P(B)

B
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where AB is the sublimation energy of B in A,;I: is the nth ionization
potential of B, ¢A is the work function of A and P(B) is the polarization
correction appropriate to the B atom. AB is given by‘Ag + HS where Ag is

the sublimgtion_energy of pure B and H, is the heat of solution.

S
Since the alloy 1s dilute, the activation energy QA for evaporation
of A can be equated to its activation energy Qg of pure A. QA is thus

- given by:
Q' = Q° = A, +I°-n¢, + P(A)
A A A n A N

where the parameters have the same meaning as before, But refer to the
specles A. For convenience, it has been assumed here that both A and B
ionize &ith the same charge ne in the field evaporation process.

Since the difference in the two activation energy vélues will decide
which component ﬁill be preferentially field evaporating and to what ex-

tent, we determine QA - Qé to be:
QL - QL = Ho+ (A, - A) + (01 - 218) + p(a) - P(B)
A B S ~"A - "B Sn n .

This expression is exact for field evaporation of A and B from the same

or equivalent sites in the lattice. For atoms on different sites (sites -

that are on different planes or that have different coordination, etc.)
the differences in binding energy and in the field enhancement factors
operating at the two sites must be taken intd consideration.

(11

Brandon has discussed in detail the case where the solute atoms,

~represented by B in our discussion, are preferentially evapdrated and has
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predicted thatvthé'fiéid,ion images from a;dilute-alloy of a refractory

metal in a less refréctory'matfix will be more regular than the image from

“the alloy‘of,some components, but with atomic fractions reversed. This
is indeedvobserved to be the situation with respect to the end alloys of

"the Ta-Mo system. However, to explain the unexpected large differences

in the regularity of these micrographs, we have to consider the factors

o affecting field evaporation. These aré:

1. A), the differences in sublimation,energies of A and Bj-
2, vAI,vthe differencés in the ionization'potentials,of
A and Bj; |
‘3. ‘polarization differences, P(A) - P(B); and
4, -heat of solution.

_Excépt for A\, all the other terms are only poorly known for the,rg;.fr

“fractory metals, which are commoniy.studied wifh.the-field ion'microséopé;ﬂggff;:‘

: Still, many useful qualitative conclusions can be drawn by considering

them carefully. Since the calculated evaporation fields of pure metals

do not include polarization corrections, the first two factors can be con-

‘veniently treated together and their effect will be indicated by the dif-

ferences in the calcuiated évaporation fields QA and.QB for these metals,v‘
provided their work functions are not ver& different asvin the case with . =
Ta, Mo and W. These are listed in Table 2. Polarization'differences have -
to be determined in.an‘émpirical manner. Of the three refractory metals,

W, Md, and Ta, Mo does not show the presence of atoms occupying low coor-

dination sites. 1In W, such atoms are observed, which are removed by field

. evaporation at 77°K. 1In Ta, on the other hand, they persist till field

evaporation at 300°K. It has already been mentioned that such low coordination
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Téble_2.~ Some useful properties of Mo, Ta and W

. L ¢ A Q° by « v2 X
Z . Element -
o (eV)  (eV)  (v/W) 33 cm? /Kg x 106
42 Mo 4.30 6.15 3.8 0.74 0.36
| 73 Ta “ 6.15 8.25 4,6 i_' 0.96 0.48
74 W 4,52 8.67 5.7 0.77 ©0.31
¢ work function
A ‘sublimation energy
Q° evaporation field for evaporation aé a douﬁly charged ion
X compressibility
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sites are stabilized by field penetration polarization and it can, there-

o fore, be concluded that ‘the polarization effects are strong in Ta but much

" less so in_Mo and W. This conclusion is supported by a comparison of the -
-'compressibility, X, which can be used as an index for the magnitude of the

(12)

' polarization effect. Thus a large value of ¥ indicates a large P.
From Table 2, which lists the properties of Ta, Mo and W, it is seen that
:f Ta has the largest compressibility. 1In accordance with this criterion, Nb,ft
which has an even highe; X tnan Ta, should also‘show a strong tendency forvlf
stabilization of low coordination sites and indeed Nb micrographs show suchf.;-
~ occurrence of a large number of spots occupying metastable sites.(13) |
The heats of solution, also, have to be similarly determined since
‘thermodynamic data for these systems do not exist. According to’quasi-
chenical theory, the heat of solution is positiVe if clustering occurs4and _
negative if ordering is favored. Invthe Ta-Mo systen, it has been shown(6)i; -
~ that there is a clustering situation in the Ta-end of'the Ta-Mo phase dia- k
gram and thus a positive heat of solution ig inferred. The polarization ! L

effects of Ta and Mo have already been.discussedland it was snown that P(Ta)‘ei
- P(Mo) is expected:to be 1arge and positive. Since, as Mﬁller(lz) has'snown
in the case of W the polarization term will get larger for the high index
planes, AP for Ta—Mo alloys would also increase for such planes. These

- QMO; see

two positive contributions along with the positive AQ (= QT;

Table 2) nill therefore make'Q,'ra - Qﬁo quite large. For this reason, it
appears that the Ta~Mo micrographs are exceedingly disorganized in spite
of the low solute content. It is also easy to see why this effect is not
too pronounced in the W-Mo system. The compressibility data indicate that

the polarization corrections should be approximately equal for W and Mo and
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from the absence of any clustering, the heat of solution is inferred to be-
zero or negative. Thus Q%é - Qﬂo is not large enough to cause serious
{.4 .
irregularitygin the W-Mo micrographs.,

(11)

For any alloy system, Brandon's rule for the case of dilute alloys

~ can be expected to hold trﬁe. The difference. in the regularity of the two
- end alloys will be controlled by the difference QA - Qé and as seen above;
* this difference will be modified by both the polarization corrections and
the deviation from randomness, Of the four refractory metals Nb, Té, Mo,

and W, as shown in'the.section on polarization, Nb and Ta have high polari-

‘zation corrections, If we assoclate short range ordering with a negative

heat of solution and'clustering with a positive heat of solution ~-- this is . .

true for dilute‘glloys -- for the Nb-Mo, Nb-W, Ta-Mo and Ta-W systems, the
application of Vegard's' law to the Nb and Té endsAindicatés clustering and
therefore a positive heat of solution. Since the polarization corrections
also for the system will be large and positive, these alloys also will give
irregdlar images at the yb and Ta ends. Mo-W and Nb—Ta; on the other hand,

are expected to yield fairly regular images at both ends.

4.3 Computer Simulation

In general, the alloy micrographs do-not develop high index planes,
show the presence of dark or pitted regions where:no imaging is probably
takiﬁg place and a large number of bright spots which have been sﬁown to
be attributed to the field‘ionization and evaporation processes in the
alloy and as we have already observed, these processes are modified to a
considerable extent by the presence of the solute.

For understanding the contrast from alloys, it is, therefore, helpful
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vto consider the effect of the field ionization gnd;the fleld evaporation
" processes together.as-a.single pafame;er. In order to check.whether a sin-
'glejVisibiiity critefion unifying the field ionization and evaporation
‘processesbcan lead to random surfaces characteristic of the alloy micro-
' graphs, a computer program has been perfOrmed.l It is now Qell realized
" that the general features of the field ion image of a pure metal can be
'.explained in terms of the geometry of the approximately sphe;ical surfacev‘ v 
- which is obtained when a crystai lattice ié.cut by'é sphere. Mbore(13):'
'waé the first to point out that by:assumihg that only those atoms that lie  ;H
within a shell of given thickness éan give rise to spots, image patterns
. that strongly resemble the field ion images can be obtained with the heip

(13) has extended this work to solid éolu-_ x

of a computer. Recently Moore
tion alloys. To account for the different évaporative properties of_the.,-f"
two species, he assigned different shell thicknesses. A similar prégfam;_
‘but based on a different criterlon described below, has been performed on. "
alloys of different éompositions.‘ |
Since the field ion images of the BCC metals Mo, Nb, W, and Ta genef% v

- ally correspond to a <110> wire texture,'it was decided to obtain computed.
images corresponding to a <110> orientafion. For this‘burpose the program
developed by Raﬁganathan gg_g;.(la) was sultably modified. The coordinate
axes are chosen to be [110], fliO] and [001]. With‘this set of akes, the R
BCC latti;e becomes a face centered tetragonal one with a c/a ratio of

0.703 (= 1//2). It is therefore necessary to consider four primitive tetra-
gonal lattices with origins at dAO 0; %L% O;-% 0 %; and O %-%'. Siﬁce

the stereographic projection is a nearer approximation to the field ion

image, the orthbgraphic coordinates were first converted to the stereographic
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B , _ ’
ones and the Cal-Comp plotter subroutine was used to plot the simulated

image. The computations were programmed in FORTRAN for Control Data 6600

 Computer. Figure 9a gives the computed Iimage for a BCC metal of radius

200a where a is the lattice parameter.

4.3.1 Random Alloys

The above program corresponds to the case of a puré metai. First the
fandom alloys were considered. For the applicatiph_of‘the viéibility '
cfiterion, according to'whiéh the solute aﬁoms are totally invigiBle, a
control statement was introduced that permitted the coordinéte of an atom
to be recordéd only if the random number generation function exceeded the
sol&entlcontent of the alloy. This allows for a random distributioﬁ of
the two species with the solute atoms not participating in the image.

Figures 9b and 9c show the computed images for BCC lattice with com-.
positions of 90%Z and 507 of solvent. The computed images correspond to
a radius of 200a and the value of p, the shell thickness, was chosen to
be 0.05a. The computed images from the SOZ solvent alloy are some- & * °
what irregular., A comparison qf these images with
those obtained from the Ta-Mo system or the W-Mo system clearly indicates
the field ion patterns from alloys are considerébly more irregular than
the computed images. A count of the spots from the micrographs of the
Ta—Mo.alloys with 107 and 50% solute contents does not indicate a sharp
reductiﬁn in the number’of spots ‘as 1s the case with the computed images.
Further, since it is only the appearance of a few rows of atoms in any
plane that makes the plane recognizable, it follows that the onset of

irregularity is a cfitical function of the radius and that for the same



-18- . UCRL-17711-Rev.

allo§ tneteuwiiiibe.inprovement in.regniatity.withoincteaee in radius.
Prolonged field evaporation'of‘tne Ta-~Mo eiloys resulting in considerable
. change of the radius was observed not to n5vevany marked improvement of
','the regulérity of ion images. A similar observation has been made by

(7N

" Brenner on the regularity of Pt-10 Ir alloy micrographs during prolonged
field evaporetion. It is to be concluded that the total invisibility cri-
terion is too great an oversimplification to yield computed images com—

parable to the observed alloy micrograohs,

.‘4.3,2 . Clustered Alloys

So far, a random distribution has been essumed fot the atomic,Speciee-;L”
of the alloy. When deviations from such tandomness exist, the contrast to
.be expected will be, in general, partly due to the intrinsic imaging behav~>ov>‘
ior of the -specles, modified by the presence of the second component, and .
vpartly due to the interface effect. An interface can be defined to separate~'
regions of a crystal different in structute and/or composition. While the
interfaceAeffect is, therefore, not important for a random distribution orA
short range ordering, it should heve marked influence in the case of cluster-  5
ing, since a clustered situation necessarily implies reglons of different
composition. The interface effect, however, will be confined to the inter-
face only.

-To understand the‘type of contrast that can be expected from clustered
alloys, computations were oerformed with a specific model of clustering. A
model, whereby the composition varied in a sinusoidal manner radially along
the crystal, was assumed in order to minimize computational difficulties.:

- The radial distribution ensured that there is no crystallographic habit for
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the clustering present.

:.For this clustering case, the parameters that can be véried are the.
period‘and.amplitude of the sinusoidal variations of the composition. Tﬁe
‘mean composition was heid at 50-50 and the clustering period was assumed
to be fifteen (110) planes (= 15 a//E R where a is the 1éttice parameter).

" To introduce this clustering model,‘the‘distance of an atom that lay withinv

- any annulus from the apex was calculatea and converted into 2RIl + 6 radians
by dividing by 2H/périod. Then o cos 6 + 0.5, where o is'the-clustering
amplitude, is the solvent concentratiqn on the spherical surface with radius
corresponding to the disfance of the atom under consideration from the apex
 (Fig. 9d). Now the visibility consideration is applied by the control staté—
ment that allows the recording df the atom coordinateé only if the random
generating function exceeded o cos 6 + 0.5.' This was repeated for all atoms
in any annulus. |

- Figures 9e apd 9f show the computed igages-from a 50-50 alloy with a
clustering distribution., The period is a constant 15a/ 2K>for both cases
and the amplitudes are Ollvand 0.4, respectively. It is séen that the com-
puted image for the case of small deviations is as 1rregular as those from
J'random alloys of the same composition, lWhen the &eviaﬁion has increased
to 0.4 a band éfructure is developed. The regions with fewer spots, ob-
viously, correspond to the reglons where solute atoms are concentrated.
Though thé weakness of -the total invisibility criterion becomes again readily
apparent, the interface effect offers some insight as to the nature of
micrographs obtainable from clusteréd alloys. It is seen that the band

structure becomes marked only if the deviations from the random composition.

are substantial and also if the width of the'clustered zone is small in
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. ‘comparison -to.the'radius of the tip, When3¢1ustered regions have a larger =
'J.width;bit is clear that the interface effect can‘bé-ﬁiésed.

4.3.3 Demixed Alloys

A case where clustering width exceeds such limits is.that of a demixed °
"alloy. 1In this situation, it is not possible to detect the demixing ef- |
u:fects from a single micrograph. The interesting case of demixing reported

(6)

- in Ta-Mo allbys in the high concentration range has élready been mentionéd.
Segregation of tﬁe two species here occurs with a crystéllographic habit.
;i:In the Mo-rich élloys this composition deviation is on a {200} plane and in g
the Tafrich.alldys the deviations occur on {110} planes. The result of such :
demixiﬁg is the formation of domains richer in eithér'of‘tﬁe two compoﬁenfs
"lof the alloy than warranted by the nominaldcompositioﬁ. It 1s well known
that though Ta and Mo are BCC metals of the tramsition type their ion'imégeS't;;f
: dispiay distinct singularities, Each haé an image of ﬁypical but different t;
in;ensity distribution. Also Ta develops {200} planes very well wﬁile Mo
does not, Thus on crossing from avTa—rich region to a Mo-rich region the
image characteristics should change in a marked fashioq. Experimentélly,
_.puised field evaporation was performed on a number of Ta-50 Md tips. Abou;
200 micrographs. covering a distance of about 800A. were obtaiqed in a singlei '
field evgpbration sequence and were analyzed for effects mentioned above.

: Except for local clustering effects, evidence for-demixing was not deteéted;
This coﬁld very well méan ihat thé width of demixed zones is larger than

-]
10004,
5. CONCLUSIONS

A field ion microscope study of the tantalum-molybdenum system has
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been éarried 6ut'at 1liquid hydrogen temperature. The‘Ta-Mb-alloy micro-
graphs obtained'are far.more irregﬁlar than thosé from W-Mo alléys. The
greatef regularity of the Mo-8 Ta micrographs over thoée from Ta-10 Mo al-
loy has been found to be in accord with predictions based on field'evapora-
tion ffom dilute alloys and an attempt has been made to explain thé rather .
‘ large difference in their regularity by .considering the polarization and

- the heat of solution terms in the field evaporation equation. The far too
regular computed images from random alloys obtained on the. assumption that
solute atoms do .not participate in imaging indicate that a total invisibility
criterion is anvover-simplification. "In the.case of clustered alloys a

band structure Ha; been found to résult when the deviation from randomness
is appreciable. Pulsed field evaporation on the Ta-40 Mo alloy has provided
evidence for local clustering, but did not reveal any contrast effects to

be expected from a demixed state., It has been concluded that the width,df

the demixed zones exceeds 1000&.
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Fige 1 Helium ion micrograph of Ta at 21°K,
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Fige 3 Helium ion micrograph of Mo-8 Ta at 21°Ke



Fige 4a, b
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Pulsed field evaporation sequence showing
the evaporation of a group of atoms
tentatively identified as Tas (b) was
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obtained by a single pulse of height 1 kV

and duration 30 usecs
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Helium ion mierograph of Ta-10 Mo at 21°K,
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Figy 6 Helium ion micrograph of Ta-~10 Mo showing
the presence of dark regions and bright
spotss
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Computed pattern with,tOtaI;invisibility

of solute atoms from alloy of 90% solvent

content’, '
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Fig, 9¢ Computed pattern with total invisibility
of solute atoms from alloy of 507% solvent

content, i
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‘Fig. 9d Cluster geometry for computation. -
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XBL 676-4138

Fig, 9¢ Computed pattern for clustered alloye. Averaﬁ_
composition 50% solvent; cluster period 15 a/ 28
and amplitude O0.1.
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Fig. 9f Computed pattern for clustered alloys,.'Average-
composition 50% solvent; cluster period 15 a//?&
and amplitude 0.4, I '
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