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ABSTRACT

We have begun a series of experiments to study the defect structure pro

duced by ion irradiation in the A15 superconductors. Low temperature irrad

tions and microscopy are performed in the HVEM-Accelerator facility at Argoi

National Laboratory. The first TEM images of the martensite structure in Nb

were recorded at various temperatures between 12 and 30 K. The transition

the superconducting state was observed by a slight deflection of the electn

beam due to a perturbation of the magnetic field of the objective lens at tl

sample.

The primary interest is in irradiation effects due to fast neutrons froi

fusion reactor, and therefore ion irradiation conditions that are somewhat

comparable to this were selected. These consisted of 50 keV Xe+ irradiatioi

to simulate neutron produced cascades in a near surface region (<20nm), and

1.5 Mev Kr+ to produce cascade damage through a greater sample thickness (0.

um). Defect images were obtained as a function of ion dose at 13 K using be

fundamental and superlattice dark-field reflections in two-beam conditions.

For 50 keV Xe+ irradiations at 13 K the defect yields, black-white con-

trast features in fundamental reflections or black dot contrast features in

superlattice reflections, were quite low at low ion doses (2x10^ cm~^), wh€

individual defect cascades are well separated. At higher ion doses (3x1012

*Work supported by the U. S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-Eng-38.



cm"*1), when significant cascade overlap is present, defect density and

contrast became greater than expected. Annealing to room temperature produced

a large increase in defect density.

Irradiation by 1.5 MeV Kr+ at 15 K removed the martensite structure by an

ion dose of 5x10'' cm . Further irradiation to 3.5x10^3 cm-2 produced

evidence for the initial stage of amorphization.
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INTRODUCTION

The use of superconducting magnets in future fusion reactors will subject

these materials to high energy neutron irradiation. At the present time the

new high T oxide based superconductors appear to be one to two orders of

magnitude more sensitive to irradiation damage than the A15 superconductors

[1]. Thus the use of the present high T c superconductor in an irradiation

environment may be very limited. Whereas the effects of fast neutron irradi-

ation on some bulk properties of A15 superconductors are fairly well esta-

blished, the basic mechanism leading to irradiation-induced changes, especial-

ly of the critical current density, j c , are still controversial [2], Early

experiments by Brown, et al. [3] and recent results by Guinan, et al. [U] seem

to indicate that defects produced by collision cascades in A15's are capable

of pinning magnetic flux lines and thus initially increasing the critical

current densities during ion or neutron irradiation at low fluences. This

view is enhanced by the observation that this increase in j c is considerably

larger during neutron irradiations at 5 K than at 300 K. However, consider-

able evidence has been accumulated that the enhancement of j Q is related to



the irradiation-induced disorder. This view has been supported recently by

experiments on the irradiation-induced change of j in pure and alloyed Nb-,Sn

conductors and their comparison with the alloying effect in unirradiated

samples [5].

Ion and neutron irradiations to higher doses produce a precipitous

decrease in the critical temperature in the A15's. Two competing models for

the structural defects involved include one based on disordering the Nb chains

in NboSn [ 6 ], which has generally been associated with changes in the elec-

tronic density of states [7], and another based on large lattice displace-

ments [ 8,9,10 ]. A new disordering mechanism [11] seems to agree well with

the observed lattice expansion and static displacements after low temperature

irradiation. At very high doses (saturation of resistivity and critical

temperature changes) &nd at low temperature amorphization of NboGe has been

observed by x-ray diffraction [12]. Amorphization following high dose

irradiation by light ions at room temperature has been observed in Nb^Ir [10],

The HVEM-Accelerator facility at Argonne National Laboratory is ideally

suited to investigate the nature of the low temperature defect cascade. With

our previous experience in low temperature studies of ion damage in metals

[13,14], it was straight forward to initiate similar studies in the A15

superconductors. The plan is to investigate the nature of the cascade defect

in the superconducting state in an attempt to resolve the controversies

briefly outlined above. TEM techniques should yield information on lattice

strain, collapse to dislocation loop, disordering, and amorphization, any or

all of which might be associated with the cascade defect.

All previous TEM investigations of the cascade defect in A15's have been

performed at 300 K [ 15,16,17 ]. Jenkins, et al, [16] performed the most

extensive TEM investigation in Nb^Sn in which low dose heavy ion damage was -



found to produce a >ield of about 0.5 cascade defects per incident ion. These

defects appeared to produce disordered zones (cascade regions of anti-site

disorder) which were weakly imaged in a two beam superlattice dark field

condition. Strain field contrast was observed in fundamental dark field

reflections at every disordered zone site and was best described as if it were

that of an oversized coherent precipitate. The exact nature of the defect,

whether due to disordering, clustered defects or an amorphous zone, was not

conclusively established. Recent high resolution lattice images in neutron

and ion irradiated Nb^Sn ( where all doses were unfortunately too high to

reveal individual cascade defects well) were similarly inconclusive regarding

the nature of the cascade defect [17].

Experiments are planned to include several A15 alloys, low dose ion

irradiation conditions selected to simulate neutron irradiation, and several

irradiation temperatures (10, 30 and 300 K). Also high dose irradiations are

planned to investigate disordering and amorphization. In this paper we

discuss some preliminary results of initial experiments in this plan.

EXPERIMENTAL PROCEDURES

Samples of Nb^Sn suitable for TEM studies have been produced by both a

liquid solute diffusion reaction and by sputter deposition of thin films. The

results reported here are obtained on samples prepared by the first technique,

where encapsulated Nb strips were reacted with molten Sn in a furnace held at

950°C for 33 days. Disks of 3 nun diameter were core drilled, mechanically

polished from both sides to expose the reaction layer of A15 structure, and

then electropolished to perforation with a solution of 2% HF, 5% H2S0jj and 93J

methanol at - 50 C and at 120 V. These samples were prepared similarly to

those described by Jenkins, et al. [16]. Resultant grain sizes were 1-5 ym



with no apparent preferred orientation. The A15 structure was identified from

diffraction patterns; however, the composition was not determined and thus

could range from 17 to 27% Sn,as determined from the phase diagram. We

attempted to polish the starting disks in such a way as to obtain electron

transparent material from within the A15 layer near to the Sn side so that

nearly stoichiometric Nb^Sn would be obtained. It is difficult to judge how

successful this was, but certain results indicated a difference among samples

explainable by compositional variations within the A15 structure of Nb^Sn.

The sample surfaces obtained in these preliminary studies were not as free of

surface artifacts and uniform in thickness as those obtained later by the

above methods.

All experiments were performed in the High Voltage Electron Microscope

(HVEM)-Accelerator facility. To approximately simulate neutron irradiation,

ion masses and energies were chosen to closely correspond to typical cascades

produced in Nb?Sn under neutron irradiation. Ion irradiations were performed

in situ with 50 keV Xe+ at a dose rate of 3x1010 cm"2 s~1 and at a temperature

of 13 K, and 1.5 MeV Kr+ at a dose rate of about 10 1 2 cm"2 s~1 and at a

temperature of 15 K. The first irradiation condition produces cascades with

nearly appropriate energy density in a near surface region, while the second

irradiation condition produces a uniform distribution of cascades through

sample thicknesses transparent to the electron beam (<200 nm). The absolute

value of the ion dose was confirmed by the disordered zone technique [18] in

NigAl to be within 10% of a skim Faraday cup monitor of dose. The temperature

reported is that measured by a calibrated Pt resistance thermometer located on

the liquid helium cooled sample stage. The average sample temperature (exclu-

ding the area in the electron beam, which is expected to be about 10 K warmer)

could exceed this measured stage temperature by no more than 5 K as confirmed



by observation of TQ in the microscope. This observation consisted of a

measurement of a deflection of the electron beam due to expulsion of magnetic

flux by the superconducting sample. This effect has been previously observed

by Goringe and Valdre1 [4] in VjSi.

Electron microscopy was performed in the HVEM on the ion irradiated

samples at the irradiation temperature and as a function of ion dose. The HVEM

was operated at 300 KV. The threshold voltage for electron damage has been

measured to be about 700 KV in both NbgSn [20] and Nb^Ge [21]. Electron

micrographs were produced in dark field (DF) using 2-beam conditions. The

fundamental reflection, G=44O, was employed to image strain contrast of

cascade defects, following Jenkins [16], who found this reflection best suited

for the purpose. The superlattice reflection, G=220, was employed to image

the structure factor contrast due to disordered zones associated with cascade

defects [22]. The mixed (fundamental and superlattice) reflection, G=200, was

determined to produce the best images of the low temperature martensite struc-

ture. The structure was also imaged in G=44O (DF), but required the electron

beam to be centered off axis and defocused.

RESULTS AND DISCUSSION

The results of the 50 keV Xe+ irradiation at 13 K are illustrated in the

electron micrographs of Figures 1 and 2. In this first attempt at these

experimental conditions, both the lack of sufficiently high quality sample

surface and substantial sample bending prevented a good quantitative measure

of defect yield and character. However, several qualitative features can be

noted.

In the images of Figure 1, where contrast is sensitive to local areas of

strain, cascade sized defects are observed on the upper right edge (s+ side, -



where s is a measure of the deviation from the exact Bragg diffraction posi-

tion) of the strongly diffracting (s=0) bright contour in the bent crystal.

The small (< 10 nm) black/white features are characteristic of small centers

of strain and are similar to features often observed in ion and neutron irrad-

iated thin metal foils. In nonsuperconducting pure metals such as Fe, Cu and

Ni these defects are identified to be dislocation loops [13]. In NboSn there

is evidence that the imaged defects are not dislocation loops in the room

temperature study of Jenkins, et al. [16],where the defect cascades were

produced by 60 keV Au+. They favored an interpretation that the centers of

outwardly directed strain were the result of anti-site disorder producing

large static displacements of atoms but that these regions were probably not

amorphous. The single diffraction conditions employed in Figure 1 are not

sufficient to attempt a determination of the nature of the defects produced at

low temperature.

Several qualitative results are evident, however, from Figure 1. The

defect yield at low dose (2x10^Xe+ cm~^) is apparently rather low, perhaps <

0.1 distinct black/white contrast feature per incident ion. The yield

appears to increase with ion dose at a rate greater than linearly (best images

at 8x1011 Xe+ cm" 2). This low yield and possibly supralinear behavior with

dose is similar to that observed under comparable low temperature irradiation

conditions in Fe, where it was found that cascade overlap was necessary to

form sufficient local defect concentration to produce collapse to a dislo-

cation loop [13]. Upon annealing to room temperature a significant increase in

defect density is observed in Figure 1. It would seem unlikely that the new

defects observed at room temperature were amorphous regions that formed with

an increase in temperature. The increase in defect density implies, of

course, the presence of defects of some kind that are not imaged in their form
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at low temperature. In thin metal foils this has usually been interpreted to

mean that a loose cluster of point defects at low temperature (not imaged in

strain contrast) reconfigures into a dislocation loop upon annealing and is

thus imaged. The nature of the defects in Nb^Sn after annealing has not been

determined in this experiment.

The bottom center micrograph in Figure 1, labeled "M. T." for martensite

transformation, taken in the same sample area, illustrates the presence of

this structure. Not all grains appeared to transform upon cooling. The

structure was revealed in G=440 (DF) by off-centered illumination, which also

seemed to suppress contrast due to cascade defects. It is not possible to

conclude what effect the irradiation has had on the martensite structure in

this particular irradiation experiment, since the ion range is only about 1/5

of the foil thickness.

Attempts to image regions of anti-site disorder in this first irradiation

experiment are shown in Figure 2. Clear evidence for such regions of size

similar to the defects in Figure 1 is achieved only at a dose of 3x1O12 Xe+

cm"2. Again, as in Figure 1, cascade overlap appears necessary to produce

strong contrast features, which in this case would be maximum disorder in the

small overlap regions. This disorder could be either anti-site or an amor-

phous structure. At the lower doses a disordered zone density comparable to

the defect densities of Figure 1 is not observed. This might mean that a

degree of cascade overlap needed to produce visible disordered zones ( with

maximum disorder) is higher than that needed to produce visible strain

features. It was not possible to produce good images of disordered zones in

the same sample area with good images of defects in strain contrast. Good

disordered zone contrast was only achievable in thinner sample area (< 30 nm).



Upon annealing to room temperature the disordered zone density does not

appear to have changed as much as the density of defects in Figure 1.

However, the disordered zone contrast seems to have weakened some, as if

some recovery of order has taken place. The possibility that the stronger

contrast at low temperature is due to amorphous zones which anneal at room

temperature leaving a disordered zone of weaker contrast must be considered.

Clearly, more data and higher quality electron micrographs are needed to more

fully understand the results of this irradiation condition.

A preliminary experiment of 1.5 MeV Kr+ irradiation on a rather poor

quality sample of Nb^Sn at 15 K, but which none the less displays two

important features, is shown in Figure 3. This irradiation condition produced

a fairly uniform cascade distribution through the entire sample thickness that

is transparent to the electron beam (<200 nm). The first observation is that

by a dose of 5x10^2 Kr+ cm"2 the characteristic evidence of the martensite

structure had disappeared. It is most likely that the tetragonal martensite

structure reverted back to the pretransformation cubic structure under the

strain of the defect density produced by the irradiation. A second obser-

vation is that upon further irradiation to 3.5x101^ Kr+ cm"2 the diffraction

pattern showed what appears to be the onset of an amorphous ring structure

with a continued presence of order dependent reflections. (The 220 and 330

reflections are still quite evident with respect to the strong fundamental 440

reflection. Additional spots also appeared due to severe bending following the

final irradiation.) The implication of this last observation is that cascade

defects at some density produce amorphous regions in NbgSn at 15 K. Unfor-

tunately, the sample broke during warm up to room temperature, and therefore

annealing of the amorphous structure could not be investigated in this

experiment.
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Neither of the above two observations have been made before; in NboSn at

low temperature. However, Snead, et al. [23] has observed the suppression of

the martensite reaction in NbqSn following neutron irradiations at room

temperature. A neutron dose level of 4x10^° neutrons cm"' (E>1 MeV) produced

total suppression and this is a damage level comparable to that produced by

the 5x10^2 Kr+ cm"2 irradiation. Muller has observed amorphization of Nb?Ge

at low temperature following high dose ion irradiation [12], and Schneider,et

al. [10] have measured amorphization of Nbolr at room temperature. Amorphi-

zation of Nb^Sn has not been detected in the many room temperature measure-

ments involving diffraction. It is quite likely that disordering and amorphi-

zation in the various A15 alloys is highly dependent on the irradiation

temperature, irradiating particle and especially on the particular A15 alloy.

Summarizing the qualitative evidence of the figures, it seems striking to

us that just comparing figures 1 and 2 at a dose of 8x1011 Xe+ cm"2 there is

a significant density of centers of strain without substantial disordered zone

contrast. That is best explained by cascade regions of high point defect

(interstitial and vacancy) concentration and with rather slight atomic dis-

order (sometimes referred to as anti-site or anti-structure disorder in

A15's). These are probably not amorphous zones, since they would produce

strong regions of contrast in Figure 2 at the two lowest doses. This also

suggests to us that these strain centers are the cascade defect which pins

magnetic flux lines, increasing Jc as observed in low dose neutron irrad-

iations at low temperatures and peaking at neutron doses of 1x10IO neutrons

cm"2 (E>0.1 MeV) [3,4], which is a damage level comparable to an ion dose of

1x1012 Xe+ cm"2 [13]. At this dose level then, disordering may not be the

most important defect state contributing to j Q increases, as some have

suggested.
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Since the defect density imaged in strain contrast {Figure 1) shows a

significant increase upon annealing, and irradiation produced changes in j c

show little change with annealing to room temperature, we probably do not

image all flux pinning centers produced by the irradiation. This is consis-

tent with a low yield of defect images at low doses and the suggestion of a

supra-linear increase of defect images with dose. That is, there are loose

clusters of point defects capable of pinning magnetic flux but without

sufficient strain to produce significant contrast. Overlap of these clusters

at low temperature, and annealing to room temperature both can produce centers

of sufficient strain to be imaged.

Summarizing the evidence in Figures 2 and 3, it seems possible to us that

at higher doses, the overlap of weakly disordered zones may produce not just

regions of stronger disorder, but amorphous zones. At 3x101^ Xe+ cm~^ and at

5x10^ Kr+ cm"^ doses the volume fractions may not have been sufficient to

produce evidence in the diffraction patterns for acorphization. However, at

the highest Kr+ dose the evidence is there. And the annealing to room temper-

ature of the Xe+ irradiated sample, with a reduction in contrast level of the

dark features, suggests an annealing of amorphous regions ( leaving disordered

zones) rather than a recovery of disorder within disordered zones to be con-

sistent with the lack of recovery of Tc changes in other experiments [24].It

seems unlikely that the removal of the martensite structure upon irradiation

can be related to any changes in j c or To.

It will be extremely interesting to repeat these and additional irradia-

tion experiments at low temperatures on higher quality samples. Similar

experiments will be performed at room temperature with which to compare with

the low temperature results and the many published experiments at room

temperature in NboSn. We hope to also extend these experiments to include a -
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range of A15 alloys in an effort to understand the reported differences among

them [24].
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FIGURE CAPTIONS

Fig. 1. A series of low temperature ( 13 K ) micrographs, except as labeled

"Rm. Temp.", which display the results of the production of strain

contrast due to irradiation of NbgSn by 50 keV Xe+ ions, as a

function of dose in almost exactly the same sample area. The upper

left micrograph labeled "Rm. Temp." is at zero dose. The lower right

is the result of annealing the sample at final dose to room

temperature. See text for a description of conditions to produce the

image of the martensite structure "M. T." in the presence of

irradiation produced defects near one surface.

Fig. 2. A series of low temperature ( 13 K ) micrographs, except as labeled

"Rm. Temp.", which display the results of structure factor (atomic

disorder and/or amorphization) contrast due to irradiation of Nb^Sn

by 50 keV Xe+ ions, as a function of dose in slightly thinner sample

area than in Fig. 1. The lower right micrograph is the result of

annealing the sample at final dose to room temperature.

Fig. 3. A series of low temperature ( 15 K ) micrographs and diffraction

patterns which display the results of 1.5 MeV Kr+ irradiations of

NbgSn, as a function of dose and from exactly the same sample area.

The diffraction patterns display the transmitted beam and Bragg

conditions satisfied for 0=440. The weaker superlattice reflections,

110, 220 and 330 can be seen along the systematic row. Rather severe

sample bending occurred following the highest dose irradiation,

producing the extra diffraction spots.
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50keVXe+=»Nb3Sn(13K)

G = 220 (DF)

200 nm

2X1011Xe+cirf2
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1.5 MeV Kr+ =» NbgSn (15 K)

G=200 (DF)

200 nm
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