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TUNGSTEN AND TUNGSTEN ALLOYS:
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II.- THE RECOVERY BEHAVIOR IN STAGES I and II - EXPERIMENTAL RESULTS

by

‘ Kenneth L. Wilson§¢ and David N. Seidmani

ABSTRACT
The low temperature FIM isochronal annealing spectrum of 4 different

purity levels of tungsten (resistivity ratios R of 5'104, 1.5'104, 50 and 15)

2 ion cm'_2 at 18K con-

irradiated in-situ with 30keV W' ions to a dose of 5'101
sisted of distinct recovery peaks at 38, 50, 65 and 80K with a small amount of
recovery observed up to 120K. .The.spectra for these 4 different R value specimens
were essentiall& identical between 18 and 120K. A fifth'group of W specimens

with R~5 began to exhibit some deviations from the standérd spectrum. This result
indicates that the distribution of self—interstitiél atoms (SIA's) produced by the
| ion irradiations in the W FIM tips was such that the SIA~SIA reaction dominated

the recovery behavior. The isochronal peak width at half-maximum for the 38K long-
- range SIA migration peak and the Stage II'péaks in pure W were shown to be approxi-
métely equal to the value predicted by a diffusiqn model. The isochronal recovery
spectra fof tungsten-0.5 at.7Z and 3 at.”% rhenium alloys were radically different
from the isochronal recovery spectra of pure W. For both Wf(Re) alloys the amount

of recovery for the long-range migration peak was suppressed and for the 3 at.%Z Re

alloy it was almost eliminated. This result constitutes evidence for the formation
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of tightly bound immobile SIA-Re complexes during the 1§ng-;ange ﬁigratidn;sub-_
stage at 38K whicH suppress the STIA-SIA reaction. High-purity w.(R=5-104)

doped with 50-100 appﬁ carbon shoﬁed a ZOZ‘réduétion in the amount of recovery
observed for the long-range migration peak at‘38K. The sgbstage‘IIA pe;k at

V50K grew at the expense of the 38K pe;k. This result constitutes evidence for
the formation.of SIA-carbon atom complexes during the long—range migra;ion‘peak

at “38K. An analysis 6f the SIA contrast patterns detected in the isochronal
anneals ihdicated that some form of SIA clustering must havé occured below 120K
(Stagé ID). Prelimihary high dosev(5'1013 W+ ion cm_z)_egperiments alsé exhibited
a suppfession of the 38K peak and.indicatedtthat more SIA clustering was occuring

than in the low dose (5'1012 ion cm—z) experiments.




I. INTRODUCTION

(1)

In Part 1 it was shown that the volume change of migration (AvlT)

of the Stage I self-interstitial atom (SIA) is <O.02§2a and that the long-range

migration peak for the SIA occurs below 45K (the maximum in this peak occurs at

(2)

n38K). In addition, the 100K irradiation experiment of Scanlan et al. demon-

strated that the early Stage II field ion microscope (FIM) recovery peaks (V45
to 120K) were not higher temperature recovery peaks shifted downward in temperature
(T) by a pAvl? effect [where p is the pressure due to the electric field (E)].

(2)-

Furthermore, the FIM isochronal aﬁnealing experimehts of Scanlan et ai. and
the present work demonstrate that these early Stage II isochronal recovery peaks:
in W involve the motion of some form of the SIA. ‘A number of the isochronal
peaks observed by the FIM techpique are‘quite similar to ;ﬁose detected via elec—

(3)

trical resistivity measurements (see Dausinger et al. for a comparison of the
data from the two techniques). Hence, the experiments reﬁdfte&'in this paper were
aimed at trying to answer the question of whether this SIA migration was an intrin-
'sic or an extrinsic phenomeﬁon or involved both mechanisms.‘

Detrapping of SIA's from extfihsic impurity atoms has been studied in-
detail in a number of face-centered cubic (F.C.C.) metals. by electrical resistivifyn

(4,5,6,7) The FIM isochronal warming technique has been employed

(8)

measurements.

recently by Wei énd Seidman to measure the dissociation energy of SIA's from

gold atoms in an ion irradiated Pt-0.62at.%Au alloy in the temperature regime

(“90K) of substage iIc.(g)

(10,11,12)

The body-centered cubic (B.C.C.) metals such as

have exhibited large impurity atom effects oh,the‘isochronal

(13)

tantalum
annealing behavior. With fespect to the FIM situation Seidman and Lie studied
analytically the problem of SIA diffusion in an FIM tip containing a uniform dis-

. * . -
tribution of impurity atoms. The results of their analysis predicted an impurity

This model also assumed a uniform initial distribution of SIA's and neglected’
SIA-SIA cluster reactions. In view of the present work and a little hindsight it

is clear that these mathematical assumptions are not strictly valid.




atom effect which was a strong function of the concentration of'impqrity atoms
and only a wéak-function of.the'binding energy Bf the SIA to the impurity atom.
In brief, their analysis predicted that the Stage I long-raﬁge migration recovery
peak was diminished by the additibn of impurity atoms aqd that there was a flux
of SIA's in Sfage II which occured when the impurity ;toﬁs released the SIA's
or the SIA-impurity atom complexes became.mobile.
Alternatively there.is also evidence for intrinsic phenomena in Stage II.

(14)

Evidence for SIA cluster growth has been found by Bourret for Ni and by Urban

(15)

for Pb via transmission electron microscopy. Also diffuse x-ray
(16) and

and Seeger
scattering studies have given evidence for SIA .cluster growth in both Al

Cd.(l7) (18) and Moser(lg)

In addition, both Afman have suggesﬁed ﬁhat there may

be additional intrinsic defects' present in irradiateduB.C.C. metals. They pro-
posed an extended interstitial that resembles a one-dimensional dissociated edge
dislocation. From the above brief literature survey onecan see that both intrinsic
and extrinsic mechanisms may be important in expléining the FIM observations in
Stages I‘an& II'of W ion irradiated tungsten. .

In this papgr,(Part.II of a four ﬁart sefies) the.results of a detailed
investigation of the effects of impurity atoms in "pure" tungsten, as well as -
tungsten—(rhenium) and’tungsten-(carbon) alloys; on the'isochronal annealing spec-
trum of FIM specimens which have been irradiated igfgigg with 30keV W+ ions to a
dose of 5-1012 ion ém-z_afe reportea. The eésentially idéntical results obtained
from fou;.différent-purify levels of tungsten (resistivity ratioé R_Qf 5'104,‘
1\5‘104,_50 and 15) show that SiA-SIA reactions doﬁiﬁated the recovery behavior.
A fifth group of tungsten specimens with R=5 began to exhibit deViati§n$ from thé
spectra obtained fqr the higher purity t#nésten specimens'and the effects of impurity‘
atoms‘became even more pronounced in the tﬁngsteﬁ—(carbon) and tungsten-(rhenium)-

alloys. These results provide further proof that the distribution of SIA's around

the depleted zones created by the 30keV‘W+ ions ‘was such that the SIA-SIA reaction



‘was favored in the "pure" tungsten specimens (R215)and that for R=5 the SIA-

impurity atom reaction began to become important. The recovery behavior of the
carbon,doped tungsten and tungsten—(rhénium) alloys demoﬁstrates that both SIA-
carbon atom and SIA-rhenium atom complexes are stable in tungsten. Additional
"direct evidence was presented for SIA clustering from high dose (5-1013 ion cm_z)
egperiments where both isochronal annealing and post-anneal field evaporation
experiments were employed to demonstrate the existence of SIA clusters.
: )
2. ADDITIONAL EXPERIMENTAL DETAILS
2.1. Preparation of FIM tips
For the polycrystalline specimens employed in these studies the ac
dipping method was empléyed to make an FIM specimen. The dc drop-off technique
ﬁsed for the single crystal specimens has been described in Part Igl) In the ac
.dipping method -a U.lmm diameter wife'was immerééﬁ‘vértically‘to'a depth of‘3mm'";‘
~in a 1N NaOH aqueogé solution and a 4 to 5Vac poteﬁtial was applied Eetween the
wire specimen and a stainless steel electrode. The wire quicklf developed a
tapered tip and the electropolishing wés terminated when “2mm of metal had been
removed from its end. A specimen produced by the.ac dipping.technique usually -
:imaged at 3 to AkV in the FIﬁ. This metﬁod pfoduced éood specimens from palycry—
stalline drawn wires, but meﬁ with only minimal success for the zone-refined |
single cryétals. Possibly, some preferential.cr§stallographic etching hampered
tip development in the case qf the single crystals.
2.2. Preparation of tungsten-carbon alloys |
Both,four-pasé zohé—refined and Westinghouse annealed tungsten wire-

. * . .
were doped with carbon by a quenching technique similar to the one described by

Carbon is an interstitial impurity atom in tungsten with an extremely small
solid solubility in tungsten. The solubility of carbon in tungsten is believed-
~to be 50.5 at.% at 2475°C. (21



(20)

Krautz et al. The single crystal tungsteh specimgn which was quenché& was
. first glectfopolished.to a diameté: of 0.2mm; next, it was suspended vertically
in a Vacuum-chamber which was backfilled to a partial pressure of 1-10_,4 torr
metﬁane. The electrical and thermal contacts to the specimen were made by claﬁp—
ing the specimen at its top end_and'immefsing the bottom end in a liquid ternary
eutectic of gallium, indium aﬁd tin which has a meltiﬁg poinf bf'10°C“(United
Mineral and Chemical Corp., alloy UG~l). The specimen was resistiﬁely-heated to
1500°C for a period‘of 4h and then radiation quenched. An annealed Westinghoﬁse
tungsten wire of 0.125mm diameter was quenched in a similar manner after being
equilibrated for 4h at 2000°C iﬁ 10»—4 torr methane.

In the casé 6f the four-pass éoneFrefihed tungsten specimen the value of
R was ¥250 after the quench. The only available value for the resistivity-of a

1(20), thus, on the basis of

C atom in solid solution in W is 3.85'10—6Qcm(at,7)
this number the single éfystal contained V50appm carbon. The C concentration in
soli& solution in the polycrystalline wire coﬁld not be established quanﬁitatively.
The wire was quenched from a higher temperatufe at a fastef.quenching rate* than
the singie crystal,. but the.grain bouﬁdgries in.tﬁé wire specimen certainly served.
" as a goéd internal sink for the rapidly diffﬁsiﬁg‘c*# atoms.~ The .end result wéé,-

that the polycrystalline wire exhibited extreme brittleness after this C doping.-
tréatment.
3. 'MATERIALS EMPLOYED
A total of.five_different~purity levels of pure.tungstén were investi-
gated; they were:

¢h Four—péss ;Qne-réfined single crystals (R#S'IOA),

The quenching rate.of a wire due to radiation cooling is inversely proportional
to. its diameter. '

(22).

The diffusivitI of a carbon atom in a tungsten lattice is given by
) ,

(3.4 '10~3 cm2sec exp(-1.6eV/kT).
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(2) One-pass zone—refined single_crystals (R=l.5-104);

(3) Westinghouse polycrystalline wire annealed at 2400°C for one

hour in a vacuum system which was at rf,l'lO‘—5 torr (R=50),

4) Materials Research Corporation (MRC) VP grade wire (R=15),

(5) Westinghouse polycrystalline wire in the as-received state (R=5).
The zone-refined single crystals were grown from both 1.03 and 1.55mm diameter rods
of commercial purity tungsten.

Two standard phyéical measurements Qere employed ;o determipe the purity
of these specimens. The first technique employed Qas chemical aﬁalysis in the form
of spark source mass spectrometry'(SSMS)f This technique gave us the chemical
composition of the metalic elements present in the specimen; however, SMSS does
not distinguish between impurity atoms which were in solid solution and those which

were in precipitates. Interstitial impurity atom concentrations were measured by

'.I

-standard- quantitative analysis- (e.gv; theinert'gas fusion' technique for C), but

again there was no determination of the location of the impurity element.

The second measurement of specimen purity is the resistivity ratio R

(1) . ', p
The value of p4.2K is

(23)

R= / **ehich has al d in P
[ '9273K 94.2K] whic as also been use in- art I.

. : A
sensistive to the total impurity atom concentration in solid solution. Unfor-

tunately, R also does not provide any information on which impurity atoms are in

(2)

solid solution. The tabulated values of the specific resistivities of impurity

-6 l
atoms in tungsten 1nd1cate that a reasonable value to use is £1-10 Qcm(at.é)

(3) -6 gy

although Dausinger et al have employed a value as 1ow as 0.2°10 Qcm(at.Z)
for molybdenum in tungsten.

Tables 1 and 2 summarize the results of the chemical analyses and the R

data for the different specimens employed in this study. The value RﬁS-lOé corres-

The SSMS technique is only good to within an order of-magnitude unless reference’

standards are used for each specific element in question. Reference standards were
not available for tungsten when the analyses of our specimens were performed

The value of Py73g has been taken to be equal to 4.95. 10‘6Qcm (24)



ponds to at most a few appm of impurity atoms, while R¥5 corresponds to an’impurit§
atom concentration of §104eppm (based on 1-10-6 Qcm(at.%)_l as the specific resis-
tivity of an impurity atom). It is clear from.a comparison of Taslee 1 and ‘2 that
the chemical analysee*vand R data are notAin agreement. This is indicative of the
- fact that the concentration of impurity atoms in solid solution must have been_'
quite different from the total'impurity atom concentration in each specimen. The
two W—(Re) alloys studied contained 0.5 and 3at.% Re respectively. The results.of
.the SSMS- of these two alloys are also given in Table 1. The R values for the W-(Re)
alloys are shown in Table 2 and it is seen that these values are consistent with
our interpretation that R=5'104 corresponds to %10-6at.fr. impurities and RY5 corres-
ponds to %104appm impurities.
| 4. RESULTS**

4.1. Isochronal recovery behavior of the different grades of tungsten.

The isochronal recovery spectra for the one—pass'zone-refined (R=l.5-103),
- Westinghouse annealed (R=50) and the MRC VP grade tungeten (R=15) are presented in |
Figs. 1 to 3 respectively. The spectrum for the four-pass zone-refined (R=5-104)
" has ﬁeen previously~presentedﬁ{see Fig. Z(A) of Part I]. ;The histograms show the

fraction.of SIA defects per. 5K interval as a function of T in the range 18 to

* ' ‘ .-
For example the lower limit on the total impurity content suggested by the - -

SSMS of the four-pass zone-reflned specimen is V14 appm while the R values sug-
gest vl to 3 appm. : : '

The histograms exhibited in thls sectlon were constructed from the super-
.position of several rugs, with a' maximum of three irradiations performed on each
tip. From 100 to 1000A of metal was removed between each irradiation to increase,
the bluntness of the tip. In order to ascertain the effect of re- irradiating a
given specimen two runs were made on the same crystal with only 58 removed be-'
tween the irradiations. No large changes were found 'in .the isochronal annealing
spectra 1nd1cat1ng that the depleted-zone distribution and den51ty did not p}iy

a major role in the observed recovery behavior after a standard dose of 5-10

wt ion cm—2 (for the effect of dose= se Section 4.6). Table 3 summarizes the rel-
evant data for all the isochronal anneals performed. : : '




' 120K‘for specimens which were irradiated with 30keV W+ ions at 18K in the absence

.of E. These four different grades of W displayed remarkably similar annealing
spectra. The 38K long-range migration peak was the dominant feature in all four
cases. Three distinct recovery peaks were found at NSO, 60 and 80K and an ill-
defined tail which might contain additional peéks at 95 and 110K was also observed.
| The peaks were spaced closely enough so:that there was considerable*
overlap. In order to obtain a more accurate picture of the amount of recovery
pef peak the results were re-analyzed with a 15K incremént;'each increment was
centered about a recovery peak. Figure 4 shows the pércent of recqﬁefy per 15K

"interval as a function of T. Note that only thé Stage I long-migration peak at 38K
and the Stage II peaKS‘at 50, 65 and 80K are shown. This plot demonstrates the
uniformity of the recovery in these four different grades of tungsten. The quan-

tity R was varied from 5'104 to 15 yet only minor variations were seen in the FIM

TS

()

isochronal recovery spectra.
The fiftﬁ grade of tungsten studied was Westinghouse wire in the as-
received state (R=5). The isochronal spectrum (see Fig. 5) lacked the -sharp peak
.structurg‘found in the purer specimens, butkthe dominant 38K peak was still-pfesent.
Hence, the ﬁalue of R for pure tungsten was varied by a factor of 104 and'the
annealing spectrum was just beginning to show some changes; These experiments,
in cbnjunction with.tﬁe isochronal reco?ery experiments on the W-(Re) anq W-(C)
alloys descr&bed in Sections 4.3 and 4.4, 1ead'us to the conclusion that for-tﬁe-
unalloyed tungsten specimgns the.SIA's only interacted weakly with the imﬁurity
atoms in the FIM tips and ghat SIA-SIA interactions dominated the recovery behayior.

This situation was a result of the distribution of SIA's around the depleted zones

created by the 30keV W+ ions. The heavy metal ion irradiation produced an initial

The scatter in the data téken from different runs with slightly different warm-
ing rates and tip radii also contributed to the broadening of these peaks.



state of damage which consisted of a cloud of SIA's surrounding each depleted zorie

thus the distribution of SIA's was bighly non-random with respect to the distribu-

" tion of impurity atoms in the tip volume and hence favored the SIA-SIA reaction.
4.2. The experimental isochronal annealing width of the Stage I long—rénge

migration peak

'In order to study the experimental Qidth of the Stége I long-range migra-
tion peak the data for the 38K peakiof‘the annealed Westinghouse tungsten specimens
“were analyzed employing a 2K teﬁpérature intervél. This particularAtype'of speci-
men was chosen for the analysis because all the_data.were obtained from three dif-

. ) . ) . o
ferent irradiations on the same specimen. ' The tip radius varied by only 20A (see:

.o”

(7A)

Table 3) between the first and the last irradiation. The possible broadening effect

due to the superposition of different runs on tips of.differént radii was thereby

* .
minimized. Since the 38K and 50K peaks tended to overlap the termination of the

long-range migration peak could not be determined unambiguously; hence, it was set

at 42K. The 74 SIA events detected below 42K in the spectrum of the annealed

Westinghouse tungsten.are displayed in Fig. 6. Superimposedﬁon.this'peak is the

(2)

analytical curve of Scaﬁlan et al. for the’fluxvof single thermally activated
SIA's diffusing-'aqross the surface of a spherical FIM tip. The diménsionless
parameter I' was set equal to 1016 and the curQe_was positioned so theyfﬁ‘coin—
cided with Fhe ekperimental vaiue."The areas ﬁndgr the theoretical cﬁrve aﬁd

the experimental histogram were set equal to each other. While the fit was not

perfect the experimental histogram did épproach the theoretical width at half-

(2)

The diffusion model of Scanlan-et'al. predicted -a peak temperature given
. by the expression: _ _— ' -
. Ahli -1
.0, _ .

va= . [InT-21n1nT] ~,

_ o A o | ,
‘where F=ﬂ2DliAh1?/R2ak, R is the tip radius and o is the isochronal warming rate.

Any variation in R or o would tend to shift Tﬁ slightly from run-to-run.
: : p .




) _ . . , |
maximum of 4K. The leading edge of the experimental histogram extended to lower

- temperatures than the model predicted. This premature flux can be attributed to
SIA's positioned originally only a few atom layers below the surface. A calcu-

(27)

lation by Beeler has ‘shown that the value of Ah" is significantly 'less than the
bulk value for the first few layers below an external surface. Hence, the near
surface SIA's would have become mobile at a lower T than the bulk SIA's.

'The Stage II recovery pe#ks also possessed widths af half-maximum that
were ip good agreement with the model calculation. Ho&ever, this experiment could’
not resolve peaks that were separated by ﬁSK. Therefore, each of.the Stage II1
peaks may have been caused by more than one single-thermally-activated process.
Because of the peak broadeﬁing introduced by the superposition of several runs

it was felt that a 5K temperature interval was sufficient to display the main

features of the annealing spectra. Only in the case just discussed did the 2K

"interval provide additional information.
4.3. The isochronal annealing spectra of tungsten~-rhenium alloys

The five grades of W used for the studies presented in Section 4.1
each contained iess than 10appm Re (see Table 1). The isochronal aﬁneéling spec-
tra of the irradiated W—O.Sat.Z<Re (5*103appm) and W-3at.Z Re_(3'104appﬁ) ailoys=m
are éresented in Figs. 7(A) and 7 (B);' Both of these histogramsvdisplay the
number of defects per 5K interval as a function of T.

In the case of the W-0.5at.% Re alloy the long-range migrétionvpeak'
temperature was between 30 and 35K‘insteéd of at 38K‘aé in the case of fhe undoped
W specimens. This shift is easily explained if one considers that only the SIA's

close to the surface could reach the surface without being trapped by Re atoms.

(2)

The analytical treatment of Scanlan et al. predicted that the width at

half-maximum is given by NTm/IO.




These SIA'svwould constitute the early part of the flux because of the short
diffusion-distance to the surface. This downward shift in T with increasing
impurity atom concentration has been predicted by the Seidman and Lie treatment.

of thls diffu31on problem (see Fig 6 in reference 13). The substage II peak

A
at 50K has now become the dominant peak, while the 60 and SOK peaks have almost
vanished. In addition,_there is.an increase in the amount of recovery for the
peaks at 95 and 110K. |

The W-3at.% Re alloy showed almost no recovery over the entire range
from 18 to 120K. - The recovery peak at 110K was thellargest.one, but it contained
1on1y three SIA's after a total of six recovery erperiments. Thus, for both of
these alloys there is strong evidence that the SIA's formed SIA-Re atom complexes
_in‘Stage I. 1In the case of the W—3at.% Re alloy the.fraction of the Stage I SIA's
trapped‘was,appreciahle since the 38K peak was essentially eliminated.*‘ It
should be noted the recovery behavior in Stage II.has aiso been radicallyrchanged;
this latter result indicates that the SIA-SIAAreactions have almost heen completely
'Asuppressed and that the SIA-Re atom complexes have a significant'dissociation
energy (>0.27eV). Additional experiments at higher temperatures are in progress -
(Nielsen and Seidman) to detect the.reCOvery peak' caused by the release‘of .
SIA's from Re atoms and perhaps di—Re atoms.
4.4.  The isochronal annealingispectra'of tungsten-carbon-alloys

Figure 8 exhibits the isochronal annealing spectrum of the four-pass -
zoneerefined ﬁ with N50appm.of C in solid solution; The substage IIA peak at
50K has grown in size at the expense of the long—range migration peak at "38K.

The isochronal annealing spectrum of the Westinghouse W doped with C (Fig. 9)

°  This suppression of the SIA long-range migration recovery peak has also been
observed for a number of f.c.c. cubic alloys (e.g., see Sosin and Neely(28), 5051n(4)
and Schilling et al. (29)) » '
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also showed this increase of the substage II, peak at the expense of the long-

A
range migration peak. Figure 10 shows the data from these two spectra re-anal-
yzed with a 15K temperature interval. A comparisﬁnvof these spectra with the
spectra for undoped W summarized in Fig. 4 makes it obvious that the introduction
of C into solid solution has changed the recovery behavior of W. Quantitatively
we.can state that the 38K peak was diminished by 207 when the C level in thé
four -pass zone-;efined W (R=5~104) was increased by a factor of 200 over its
concentration iﬁ the undoped single crysfals. ‘This experimeﬁtvalso p?ovides direct
evidence for the formation of SIA-carbon atoﬁ comﬁlexes during the long-range
migration peak and in this case the subsequént release of the SIA's from the
complexes at V50K.
4.5. SIA contrast pétterns detected during isochronal anneals

The primary contrast pattern produced by the flgx of SIA's Quring ;he
isoéhronél ;arming éxpe?iménts,hwés ; éiﬁgiébégéfﬁ ;téﬁ‘;;éti&“-F;;;;eiilﬁgiéw;
several typical. examples of this contrast pattern from different regions of a

(2)

tungsten surface (also see Fig. 6 in Scanlan et al. and Fig. 4 in Robinson

(30))

et al. Amongst the 1062 SIA events observed in the isochronal annealing

experiments (see Section 4.1) 91.257% exhibited this simple contrast pattern.
The remaining SIA events were multiple spot contrast patterns** similar to the
four examples shown in Fig. 12. The double-spot contrast pattern was observed
in-6.682 of the total number of events, while triple-spot céntrast patterns

occurred in 1.22% of the observed contrast patterns. Clusters of four or more

extra spots constituted only 0.857% of the 1062 events observed.

This contrast patteqn_has also been referred to-as an extra "bright" spot by
a number of authors.

* .

Multiple spot contrast patterns were considered as single SIA events in the
construction of the isochronal annealing histograms, hence the use of the term
defects in labeling the ordinates.




Figure 1 in Robinson et al.

N

The single-spot contrast effect could have arisen from an atom on the
surface (an adatom created by the total relaxation of an STA at the surface) or

by a surface or a subsurface atom that was displaced upward as a result of an SIA

(31));

lying several atomic layers below the specimen's surface (Seidman and Lie

(30) illustrates these possibilities on the (011)

terraces. On the experimental side it is extremely difficult to distinguish

between these two mechanisms. The single-spot contrast effect resembles the

(32)

contrast effect due to adatoms that had been vapor deposited onto an FIM

specimen and .also to the last atom on a plane that had been pulse field evapor-

ated(33); but this visual similarity of the contrast effects was not enough to

5

make a distinction between the two mechanisms. While the single-spot contrast
effect has been assumed to be the result of a single SIA at or near the surface
the double-spot contrast pattern may have had two distinct origins. First, the

contrast ﬁodel of Seidman and Lie(3 predicted that fdr certain ofientatidns the
<110> éplit SIA can produce a double-spot contrast effect at the surface; this

model requirés~that the SIA retains its identity as a subsurface defect. Second{

the double-spot contrast.pattern could indicate the grrivél of a di-SIA complex -

at the surface. Figure 13 exhibits the fraction-ofvdefects-per SK temperature .
interval as function of T for only the double-spot contrast effegts'found in the
isochronal anneais of all five grades of undoped tﬁngsten. It can be éeen that
the-double;spot contrast effects occurred ove# the en;ire rahgé of T in which single—

spot contrast effects were observed. The coexistence of single and double-spot

contrast effects in the 38K long-range migration peak tends to indicate that both

~contrast effects had the same origin (i.e., the.single SIA). Therefore, a reason-

able conclusion is that at least some of the SIA contrast effects were caused by

‘the strain field of a subsurface SIA. Whether this mechanism was the only one .

that was operative cannot be ascertained at present.



.Contrast patterns with three or more spots (see the pairs of micro-

graphs E and F and G and H in Fig. 12) were much larger than the predicted strain

@D for the single SIA. While

field contrast effect patterns of Seidman and Lie
these events were only a small portion (Vv2%) of the total number of defects, their
appearance indicated that some form of SIA clustering must have occured within the
FIM specimen during the isochronal anneals. Because of the small number of mul-

tiple contrast patterns it was not clear if their migration was possibly assisted
by a large negative |p'AViZ effect; where Avi? is the volume change of migration

of the SIA cluster. ‘With respect to the latter point the 100K irrédiétion exper-

(2)

iment of Scanlan et al. showed that the éingle—spot peak structure observed
below 100K in the isochronal anneals was not assisted by the electric field.
rTheir experiment did not rule out a pAvii effect for the SIA clusters. In fact,
the three SIA events detected in the isochronal recovery below Ti=100K were
muitiple-spot contrast effects. T e e A

The 50K irradiations described in Part I showed an increase in all forms
of multiple-spot contrast patterns over the 18K irradiations. Double-spot contrast
patterns constituted 10.60%, triple 6.38% and 5.3F% larger clusters (greater thaﬁ‘
triple-spot contrast patterns) were observed. The major impliéatién of this result;
is that clustering must have occured primarily between SIA's which were ejected
from a singlg depleted zone; since, in the case of the SOK"irradiations-the SIA's‘
were highly mobile and hence able to reach an internal sink or the surface before
the next depleted zone wéé created. . Thié conclusioﬂ is reasonable because the

local SIA concentration in the immediate vicinity of a newly created depleted

. - *
zone was estimated to be N10.3at.fr. or greater for the case of an 18K irradiation.

This concentrgtion is'calculated by aséuming that ’\a102 SIA are contained within
a sphere of V100A radius (Beavan et al.(26)) around each depleted zone.
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In the case of the 50K irradiations it 1is possible to have even a higher local
SIA concentration since the mean range of an RCS is temperature dependent(34),

and hence the SIA's may be confined to an even smaller volume of metal than in

the case of the 18K irradiation. A high local concentration of SIA's implies a

. small number of jumps for one SIA to reach another SIA, and hence there is a high

probability of SIA clus;er/formation. It is cleaf that if the:concentration of
SIA's was assumed to be uniform throﬁghout the volume of the FIM spegimen then‘
the p:obability of SIA élus;er férmation wouid be strongly reduced.

4.6. The dose dependence of the isochronal anneaiing spectrum

A few preliminary experiments were conducted to determine the dose

dependence of the isochronal annealing spectrum. Three runs were made on West-

~ inghouse annealed tungsten polycrystalline'wire'irrédiaped at 18K to a dose of

5-1013 W+ion$ cm-z. This dose was-a factor of ten greater than the standard -

irradiation” dose. Figure 14 exhibits the isochronal recovery spectrum. The .

-long-range SIA migration peak at V38K has diminished in size, while the substage

IIA peak at V50K has grown. In addition, the SIA flux out of the tip was extremely -

-anisotropic. Almost no-recovery was observed on-the half of the tip exposed to 'the

ion beam. This phenomenon was .most likely caused by internal SIA recéovery at .de-

pleted'zones‘or byithe'formation of immobile SIA clusters. .Five of the 62 SIA

events (or 87%) in the isochronal anneals were multiple contrast patterns with more

than three spots. This fact indicates that extensive SIA clustering had indeed
occurred in Stage If Fuftherﬁofe, this:dgqrease‘in»the amount of recovery of the
SIA long-range migration peak in Stage I with increasing dose has also Seen.found
for the long—fange migration peak in a number of pure f.c.c. metals.irradiatedA»
with'fast-neutrons~(lMeV),:dfparticles (5MeV), and electrons (3MéV) (e.g., see

(29)

Fing 32 and 33 in Schilling et al. for -data on Cu and Al). Thus, this dose-

dependence experiment is also consistént with the long-range migration peak being -

at N38K.
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A post-anneal peel wés pefformed on an MRC wire that had been irradiated

to 5-1013 W+ ion ém—z at 18K, annealed to 120K, and then recooled to 18K. The

remnants of numerous depleted zones éere found on the beam side of the tip. This
particular specimen was a bi—crys;al, with a grain boundary running almdst parallel
to the beam direction. Three defects with large strain fields were found among
66,500 atomic sités examinéd'in the (111) fegion on the beam side (crystal I).

The (111) region in érystal II (on the side of the tip away from the beam) ha&

zZero ﬂefects in 61,000 atomic sites studied. A (114) plane in crysfal II located
between the two (111) regions had one SIA-like contrast pattern in.6,000 atoms.
Several other bright-spot SIA contrast effects were observed inside depleted zones:‘
' but were not included in these statistics.

This preliminary post-anneal peel on a specimen which had been irradi-
ated to a high doée indicated that the SIA defect concentration was NS}lO—s to
1'10-4“at. fr. in the volume of the tip oh:thé”Beam-§ide'and‘él-lofiat;*fr:~in-—w
the other half of the tip. The defects themselves exhibited large étrain fiei&s~
and the field evapération behavior of the pléne several atomic layers above the
observéd extra bright spot waé altered dramatically. - Figure 15 shows the appearance
of one of these defects on a (334) plane. hfhe size of these defects ipdicatedﬂthat
they were most likely SIA clusters. However, no detailed results on the exact
naturé of the defects can be made without further analytical Studieé.of SIA clus-
ters and their behavior near free surfaces. The low concentration of SIA defects
found in'phlsé field evaﬁoration experiments hinders any classifipétion that could
lead to an empirical technique for cluster size defermination. But} we emphasize

.the fact that this post-anneal peel is ‘also indicative of SIA cluster formation

in-Stage I and subsequent SIA cluster growth in Stage II.




4.7. Control experiments

Six control runs wére'made during the.céurse df the isochronal annealing
experiments; Threé of the sﬁecimens were simply annealed from 18 to 120K without
being irradiated, while the othef three specimens had been irradiated but had
flashed*'during the post—irradiation peel prior to thé isochronal anneal.

One contrast pattern similar to an SIA was observed in the first con-
trol run oﬁ an uﬁirradiated specimen. No SIA contrasts were observed in any of
the éuBsequent coﬁtrbl runs. This single contrast effect in fhese controls ﬁay
have been caused by a gas impﬁri;y atom that had been adsorbed on the.surface.

The high electric field ;equired for field ionization of helium kept impurity . ;

(35)

adsorption to a minimum. In one of the control runs, the specimen was exposed
to the ion accelerator (at '\110_5 torr argoﬁ gauge pressure) though fhe differential
pumping system for 30 minugeé. No SIA confrast effects were observed in the sub-
sequent- control anneal froin 18_tu 120K. 1If these six specimgns.had<beeﬁ irradiated -
at 18K and annealed normally there woﬁld have been V150 SIA events detected.**
Therefore an'upber maximum to- the gas iméurity contamination effect was $0.7% -
for the isochronal annéals.. Tﬁis.background is insignificant with respect to the-;
SIA flux obserﬁed in the isochromnal énneals reportéd. | |
5. MAJOR EXPERIMENTAL RESULTS

The principle éxperi#éntal resul;s are summarized as follows:

‘(l)A The low‘temperature_isochronél annealing spectfum of pure tunésten (R=5§104),

irradiated igfsifu with 30keV W' ions to a standard dose of 5'1012 cm 2 at 18K was

Flashing is a common mode of tip failure whereby a shell of material is expelled
from the surface. The tip is still imagable at a higher voltage, but the SIA's
have been swept out (see Wilkes et al.(36) and Loberg(37)Afor more details on tip
failure). ’ o ‘ S -

*k _ o : , -

" This number was calculated for 30keV W+ ions for a dose of 5-1012_ions cm 2
‘assuming approximately one observable SIA pet-inéident ion. This number is borne
out by our experimental results. ‘



by an analytical expression developed by Scanlan et al.
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shown io consist of a series of distinct recovery peaks at 38, 50, 65 and 80K
witb a small amount of additional recovery observed up to 120K. We had previously
identified the 38K peak as the SIA long-range migration substage. The remaining
peaks were classified as substages of Stage II. Thus, Stage II of irradiated
tungsten begins at V45K and ggg_at V100K as had been suggested by earlier investi-
gators. -

(2) The isochronal annealing spectrum of pure tungsten observed by FIM between

18 and 120K was insensitive to R for values between 15 and 5'104. Specimens with
R=5 began to show some deviation from the standardISPectrum. This reéult indi—
cates that the diétribution of SIA's produced by the 30keV W+ ion irradiations

in the FIM tips was such that the QIA's only interacted weakly with the impurity
atoﬁs and that the SIA-SIA reaction dominated the recovery behavior.

(3) The isochronal peak width at half-maximum for tﬁe 38K long-range SIA migratioﬁ
peak in pure tungsten was shown to be ‘dpproximately equal td thé vdlueé predicted
(2) based on a singlg ther-
mally-activated diffusion model. The Stage II peaks also obeyed this diffusion
modei prediction.

(4) The isochronal annealing<spectra forftungsten—O.S at.% and 3 at.%Z rhenium-:. -
alloys were radically different from the isochronal recovery sbectra of pure tung-
sten. For both tungsten—(rhenium) alloys the amount of recovery for the long-
range migration peak at %38K was suppressed and in-the case of the. 3 at % Re alloy’
it was almost eliminated. This result constltutes strong ev1&énce for the formation
of immobile tightly bound SIA-rhenium coﬁplexes during the long;range migfation
substage at 38K which suppress fhe SIA-STIA reacgion.

(5) Tungsten doped with %50—100 appm carbon showed a 207 reduction in the amount
of recdvery observed for the long-range migratién peak at 38K in undoped tungséen.
The substage IIA peak at V50K grew at the expense of the 38K peak. This resqlt._

constitutes evidence for the formation of SIA-carbon atom,éomplexeé during the .
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long-range migration peak at Vv38K. In this caée'the concentration of carbon was:
not large enough to complétely suppress the SIA-SIA reaction.

(6) The SIA contrast patterns detected in the isochronal anneals consisted pri-

marily of single extra spots; However, the small number of- large multiple spots

indicated that some form of SIA clustering must have occurred below 120K in Stage
11 during the isochronal anneal. The increase of ﬁultipie—spof contrast patterns
iﬁ the isochronal anneals following a 50K irradiation can be understood in terms
of a decreased focused collision replacement sezuence range which lead to a higher
local concentration of SIA's in the vicinity of each depleted zone and hence a
greater concentration of SIA-SIA clusteré;

). Preliminarf,high dose (5-1013 ion cm-z) ezperiments alSO'exhiﬁited a suppres-
sion. of the 38K peak and indicated that more SIA clustering was occurring than in
the low dose (5‘1012 ion cm-z) experiments. The evidence for SIA clustering came

+

frcom both the isochronal annealing experiment. and a post-anneal pulse.field evapor-

-ation; although an exact cluster size determination was not possible.
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Table 1. Chemical composition of the various grades of tungsten and‘tungsien—

rhenium alloys employed.
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Element wn =3 oN& mo e = E B O %e«e—nm =M = m
C 105 * * 1370 20 * *
H * * * * 5 * *.
O * * *- * 25 * *
N * * * * lO * * -
Ag * <10 ,
Al 10-100 ©  0.1-1 1-10. 1-10 15 10~-100 10-100
As 0.1-1 * *
Bi 0.3-3 0.1-1 ¥ *
Ca 10-100 0.1-1 0.1-1 <5 * *
Co : 0.1-1 <10
Cr 10-100 1-10 0.1-1 10-100 <15 -
Cu o - <15 -
Fe 10-100 1-10 <15 10-100 10-100
K 10-100 0.1-1 0.1-1 10-100 10-100
Mg 6-60 0.1-1 0.1-1 <5 ‘
Mn <0.3 0.1-1 <0.1 <5
Mo 1-10 0.1-1 50
Na 1-10 1-10 ’
Nb 6-60 10.1-1 0.1=X * <15 * *
P 1-10
Pb 10-100 <10
Re 1-10 1-10 -103—10h 103-10h
S 0.3-3 ¥ * 0.1-1 * *
Si 10-100 10-100 10-100 ' <10 100-500  100-500
Sn <10 .
Ti 10-100 0.1-1 . <0.1 1-10 <10
-V 10-100 1-10° o
. Zn <15
1.

composition is the typical analysis provided by MRC.

Concentrations are‘'given in atomic parts per million.

of the analyses were obtained from spark source mass spectroscopy.

The MRC VP grade tungsten’
All other measurements were-

‘made by the Material Science Center Analytical Laboratory of Cornell University.
- carbon concentration was measured by the inert gas fusion technique, while the rest.
An asterisk (¥*)

indicates that no analysis was made for that element, or that interferences prohibited
its detection. ‘ ' : '




The resistivity ratio (R) for various grades of tungsten used in this
F : ~ ~ | |

experiment.

Table 2.
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Specimen

Type of

2.3
0.13

8.7
-0.25

250
0.2

0.125

15
0.125

to l.S-th 50
1.0 0.125

510

3°lOh
No corrections have been made for the specimen size effect.

diameter 1.0 -
(mm)

Specimen

1.



Table 3. A listing of the different types of specimens irradiated, the 30keV w ipn_ddse.

the average tip radius and the number of SIA events observed.

The letter A,B and C on the specimen numbers mean that that specimen was re-irradiated (e.g., specimén 2B. implies
that this was the second irradiation for spccimen number 2).

Tip radii were measured by the ring counting method of Drechsler and Wolf,
measurements between the 011 and 112 poles.

An average was taken of the -

Specimen Dose Radius -Number of Specimen Dose Radius+ Number of
- - o - - o
(x10 2i6n cm (A) SIA's Observed (x10"*?10n em ?) (A) SIA's Observed
Four ‘Pass . Westinghouse
Zone-Refined Tungsten In the
Tungsten N As-Received State
[R=(3t05)-10"] (R=5)
1, 20.0 250 15 1 6.0 230 9
2A 9.5 170 6 2 . 6.6 285 19
2B 13.0 220 17 3A 5.5 265 27
3A L.s 325 32 3B 7.0 325 28
3B L.o 3ko 39 b4 5.8 330 11
LA 5.5 325 8k SA 5.0 210 16
LB L.s 380 126 5B 8.5 292 Ly
5C 5.7 325 Sk
One Pass Tungsten
.Zone-Refined -0.5 at.3
Tungsten L Rhénium
(R=1.5-10") (R=8.7)
1 20.0 230 21 1A ' 3.5 380 17 .
2A 6.6 2ko 27 1B L.s 380 10
2B 5.5 260 35 2A 5.0 310 10.
2C 5.5 . 275 T4 3 6.0 370 25
Annealed - | - Tungsten-
Westinghouse 3 at.%
Tungsten Rhenium
(R=50) , (R=2.3)
1A . 8.0 300 67 1A 20.0 205l .1
1B 8.0 320 63 1B 50.0 235 1
1C 6.8 320 82 1C 12.0 235 0
: 2 20.0 250 1
3A 4.0 315 3
3B 5.0 350 Y
MRC Four Pass
VP Crade Zone-Refined
Tungsten Tungsten doped with
(R=15) Carbon (R=250) ’
1 25.0 190 12 1A - 5.2 190 6
2 20.0 335 12 1B - 4.6 250 20
3 20.0 250 9 2A 5.0 185 16
, bA 5.6 190 T 2B 5.0 230 30
" 4B . 20.0 2Lko 7 2C 5.0 310 . T2
uc No measurement - 2ko 5 :
5 5.4 225 20
6A 5.0 260 I G:::?i;ﬁouse
68 5.0 300 49 Tungsten doped
with Carbon
1 5.0 330 33
.- » 2 5.0 280 L9
3 5.0 265 15
t (25)
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FIGURE CAPTIONS.

Fig. 1. A composité isochronal annealing'spectrum for one-pass zone-refined

btungsten irradiated at 18K with 30keV w+ ions to a dose df.5°1012 ibn

~cm © and annealed to 120K at a warming rate of "2.5K min_;.

'Fig. 2. A composite isochronal annealing spectrum for anneéled Westinghouse

tungsten irradiated at 18K with 30keV W+ ions to a dose of 5*1012 ion

cm ° and annealed to 120K at a warming rate of “2.5K min-l.
Fig. 3. A composite anﬁealing spectrum'for MRC VP grade tungsten irradiated in

the as-received state at 18K with 30keV W+ ions to a dose of 5~1012 ibn

cm © and annealed to 120K at-aiwarming rate 6f %2.5Klmin-1.

?ig.'4. Composite isochronal annealing spectra for the four-pass zoneérefined;
one—paSS'ione—refined, annealed Westinghoﬁse and MRC VP grade'tﬁngsgen.'
A iSK temperatﬁre interval was employed; only the data below 87K is
included in this‘analySis.". " . |

Fig. 5. A‘éomposite isachronal anneaiing spec;rﬁm for-Wes;inghouse tungsten in
the as-réceiﬁe& state irradiated at 18K with 30kéV W+ ions and annealed

-~ to 120K at a warmingvréte'of_NZ.SK minT,

: Fig; 6. A composite anneéling'spectrum for én annealed Weétinghousé tungsten o

specimen with a 2K temperature interval. 'Only ;he SIA events detected

below 42K ére_inqluded’in this histogram. ’The~analytical expreSSiqﬁ

for én isochronal annea1ing spectrum bééed on é diffusibn‘modei is édper-

. 1.
. imposed on the experimental results. The specimen was irradiated at 18K

with 30keVAW+ ions and warmed. at a fate of NZ.SKAﬁin-l.

Fig. 7. (A): A éomposite isochronal annealing spectrum for a tungsten—OQS‘at.%

" rhenium alloy irradiated at 18K with 30keV-w+ ioné to ‘a dose of 5'1012-f

fon cm 2 and wafmed to 120K at a rate of "2.5K hin-l.

~



Fig. 8.

Fig. 9.

Fig. 10.

Fig. 1l.

Fig. 12.

(B): A composite isochronal annealing spectrum for a tungsten-3 at.%

rhenium alloy irradiated at 18K Qith 30keV W+ iqn cm.-2 and warmed to

120K at a rate of V2.5K min .

A composite isochronal annealing spectrum for four—paés zone-refined
tungsten doped with carbon and irradiated at 18K with 30keV W+ ions to

a dose of 5-1012 ion cm'.2 and then warmed to 120K at a rate of NZ.SK min-l.'
A composite isochronal annealing spectrum for Westinghouse tungsten

doped with carbon and irradiated at 18K with 30keV W+ ions to a dose of

5-1012 ion <:m-2 and then warmed to 120K at a rate of 2. 5K min_l.

The éémposité isochronal annealing spectra for the'twa carbon doped tung-
sten materials. A-15K temperature interval was employed for the analysis
and only the date below 87K was included in this. analysis.

(A) and (B): The appearance of a single—sfot SIA contrast pattern, at
3U.5K in the (334) .plane during an isochronal anneal.

(C) and (D): The appearance of a single-spot SIA contrast pattern at
36.5K in ﬁhe (210) plane during an isochronal anneal.

(E) and (F): The abpearance of a single—épot SIA contrast pattern at
3?.5K in a (110) terrace during én isochronal anneal.

In all cases the micrographs recorded before and after the appearance

of the SIA were taken 2.0 sec apart which corresponded to a température
interval of NO.O8K. The arrow in each pair of micrographs points towards
the SIA.

(a) énd_(B): The appearance of a double-spot SIA contrastlpatterﬁ
détected in the (110) terraces at 42.0K during an isochronal anneal.

©) and“(D): The éppearance of another‘doﬁble—spot SIA contrast pattern

in the (110) terraces at 54.0K during an isochronal anneal.



Fig. 13. .

Fig. 14.

-26—~

(E) and (F): The appeérance of a'multiple-spot SIA contrast pattern
near the (210) plane at 50.0K during an isochronal anneal.

(G) and ‘(H): The appearance of a multiple-spot SIA contrast pattern

near the (112) plane at 64.5K during an isochronal anneal. The entire

. surface is seen to change dramatically in this region for this particu-

lar event.:

In all four cases the micrographs recorded before and after. the appear-

ance of the STA were taken 2.0 sec apart; which corresponds to a‘temper—
ature interval of ~0.08K.
A composite isochronal annealing spectrum for double-spot SIA contrast

patterns from all five grades of unalloyed and undoped tungsten.

‘A -composite isochronal annealing spectrum for annealed Westinghouée

13 | .

' tungsten irradiated with 30keV W' ions at 18K to.a dose of 5-10 ion

Fig. 15.

-2
cm .

The appearance of a defect found during pulse field evapdration of an MRC
tungsten crystal irradiated at 18K, warmed to 120K, and recooled to- 18K.
Frame 1 shows a normal (334) iayef.Frémes 47 and"91 show the next two

layers, in- which vacant sites (0) were observed. - ?rémes 135-183 show

‘the pulse field evaporation of layer 4.. Frame 135 shows a high degfee

of strain in the.layer.'_ln frame 136, an "extra bright spot" (denoted

by(®) ) is seen to appear.- This "extra bright spot" and two neighboring

-atoms are preferentially retained on the surface until frame 190. This

last frame in the sequence showsﬁlayer 5, with two vacant sites visible.
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