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PREFACE 

This two~volume report contains two special contributions. Appended to 
Volume 1 is a critical assessment of the role of charged particle research 
in the Damage Analysis and Fundamental Studies (OAFS) program, prepared by 
several OAFS program participants under the leadership of G. R. Odette. 

Volume 2 contains the proceedings of a workshop on advanced experimental 
techniques for radiation damage analysis arranged under the OAFS program by 

P. Wilkes, F. V. Nolfi and J. A. Spitznagel. The participation of the 
various contributors, most of whom were not working on Office of Fusion 

En~rgy progrqms, is gratefully acknowledged. 

•,,. 
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FOREWORD 

This report is the sixteenth in a series of Quarterly Technical 
Progress Reports on Damage Analysis and Fundamental Studies (OAFS), which 
is one element of the Fusion Reactor Materials Program, conducted in support 
of the Magnetic Fusion Energy Program of the U. S. Department of Energy 
(DOE). The first eight reports in this series were numbered DOE/ET-0065/1 
through 8. Other elements of the Materials Program are: 

• 
• 
• 

Alloy Development for Irradiation Performance (ADIP) 
· Plasma-Materials Interaction (PMI) 

Special Purpose Materials (SPM) . 

The OAFS program element is a national effort composed of contributions 
from a number of r~ational Laboratories and other government laboratories, 
universities, and industrial laboratories. It was organized by the Materi­
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task 
Group on Damage Analysis and Fundamental Studies, which operates under the 
auspices of that Branch. The purpose of this series of reports is to pro­
vide a working technical record of that effort for the use of the program 
participants, the fusion energy program in general, and the DOE. 

e This report is organized along topical lines in parallel to a Program 
Plan of the same title so that activities and accomplishments may be 
followed readily, relative to that Program Plan. Thus, the work of a given 
laboratory may appear throughout the report. The Ta~le of Contents is 
annotated for the convenience of the reader. 

This report has been compiled and edited under the guidance 'of the 
Chairman of the Task Group on Damage Analysis and Fundamental Studies, 
D. G. Doran, Hanford Engineering Development Laboratory __ (HEDL). His 
efforts, those of the supporting staff of HEDL, and the many persons who 
made technical contributions are gratefully acknowledged. M. M. Cohen, 
Materials and Radiation Effects Branch, is the DOE counterpart to the Task 
Group Chairman and has responsibility for the OAFS Program within DOE. 

D. L. Vieth, Chief 
Materials and Radiation Effects Branch 

Office of Fusion Energy 
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RTNS-II IRRADIATIONS AND OPERATIONS 

C. M. Logan and D. W. Heikkinen (Lawrence Liverroore National Laboratory) 

1.0 Objective 

The objectives of this work are operation of OFE's RTNS-II (a 14-MeV 

neutron source facility), machine development, and support of the experi­

mental program that utilizes this facility. Experimenter services include 

dosimetry handling, scheduling, coordination, and reporting. RTNS-II is 

dedicated to materials research for the fusion power program. Its primary 

use is to aid in the development of models of high-energy neutron effects. 

Such models are needed in interpreting and projecting to the fusior.t 

environment engineering data obtained in other neutron spectra. 

2.0 Summary 

Irradiations were performed on a total of five different experiments. 

The 50-cm target assembly was installed. Also installed was the modified 

two zone furnace from HEDL. Unscheduled outage of three weeks occurred 

due to unexpected problems with the 50-cm target assembly. 

3.0 Program 

Title: RTNS- I I Operations (WZJ-16) 

Pr1ncipal Investigator: C. M. Logan 

Affiliatio!l: Lawrence Livermore National Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

TASK II.A.2,3,4. 

TASK · II • B. 3 , 4 

TASK II. C. 1 ,2,6, 11, 18. 
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5.1 Irradiations-C. M. Logan, D. W. Heikkinen and M. W. Guinan (LLNL) 

An irradiation of mica samples for J. Fowler (LANL) was completed. An 

in-situ creep experiment using a Ni sample was done for W. Barroore (LLNL). 

D. Nethaway (LLNL) irradiated a radioactive target of 168Tm for a cross 

section measurement. The irradiation for N. Panayotou (HEDL) using the 

roodified two zone furnace continued and was the major user of t~rne during 

this quarter. A 11 piggyback 11 irradiation employing a rabbit system wa~ 

done for R. Mallon ( LLNL). Oil shale ac ti vi ties were measured. 

5 .• 2 RTNS-II Status-c. M. Logan and D. w. Heikkinen 

During this quarter the new design HEDL furnace and the 50-cm target 

assembly were installed. The 50-cm target assembly had been tested for 

'V300 hours with no problems encountered. However, after 'Vl00 hours of 

operation, problems occurred with the target water feed hub and. the 

rotating vacuum seal. This resulted in approximately three weeks of 

unscheduled outage. The target problems are under investigation. 

6.0 Future Work 

',) 

Irradiations are scheduled for H. Vonach (Vienna), R. Borg (LLNL), G. Woolhouse 

(ARACOR, Inc.), D. Kaletta {Karlsruhe), R. Mallon (LLNL), N. Panayotou (HEDL), 

R. VanKonynenberg (LLNL) and C. Snead (BNL). 

7.0 Publications 

Stress Calculations for RTNS-II 50-cm Targets, B. J. Schumacher and 

P. A. House ( UCRL 53148) 

RTNS-II Targets: Cooling Channel Collapse Under Simulated Bonding Con­

ditions, W. D. Ludemann, R. L. Brady and B. J. Schumacher (UCRL 53206) 

Analysis of Bond-Failures in RTNS-II Targets, W. D. Ludemann, G. A. Harter 

and B. J. Schumacher (UCRL 53184) 
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NUCLEAR DATA FOR DAMAGE STUDIES AND FMIT (AVC) 

D. L. Johnson and F. M·. Mann (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this work is to supply nuclear data needed for damage studies 
and in the design and operation of the Fusion Materials Irradiation Testing 
(H1IT) Facility. 

2.0 Summary 

Estimates were made of damage and heating rates that might occur in the FMIT 
target backing plate due to protons created in the lithium target which penetrate 
to the plate. The upper limits of proton-induced damage and heating rates are 
comparable at the surface of ~he backing plate to estimated neutron~induced 
rates. This iridicates that proton effects should be included in a comprehensive 
analysis of the behavior of the backing plate. 

3.0 Program 

Title: Nuclear Data for Damage Studies and FMIT (WH025/EDK) 
Principal Investigators: D. L. Johnson and F. M. Mann 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

All tasks that are relevant to FMIT use, with emphasis upon: 
Sub task II.A.2.3 Flux Spectra Definition in FMIT 
Tnsk lT .A.4 Gas Generation Rates 

Sub task II.A.5.1 Helium Accumulation Monitor Development 
Sub task II.B.l.2 Acquisition of Nuclear Data 
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5.0 

5. 1 

5.1. 1 

Accomplishments and Status 

Estimates of Proton-Induced Damage and Heating Rates in the FMIT 
Target Backing Plate 

Introduction 

The Fusion Materials Irradiation Test (FMIT) Facility is currently being designed 
for use in the study of neutron radiation effects in fusion reactor materials. 
The fac i 1 ity will make use of the intense source of high energy neutrons produced 
by a 100-mA beam of 35-MeV deuterons incident upon a thick target of 11quid 
lithium. The deuterons stop in about 15 mm whereas the lithium is 19 mm thick 
and is backed by a stainless steel plate 1.6 mm thick. 

The backing plate will experience the highest neutron-induced damage and heating 
rates of the target structure. These effects are being reviewed for a compre­
hensive analysis of the behavior of the backing plate. Protons will also be 
produced in the lithium and some will have enough energy to penetrate to the 
backing plate. The objective of this work was to establish whether or not 
proton induced effects need to be included with neutron induced effects in 
estimating the behavior of the backing plate in the high radiation field. 

5.1. 2 Evaluation of Proton Flux Incident Upon the Backing Plate 

In the forward direction, the neutron spectrum from the FMIT source peaks near 
14 MeV as in a fusion device. However, .in the FMIT facility, the neutron energy 
spectrum will be much broader and there will b~ a significant number of neutrons 
emitted with energies up to about 30 MeV._ A small fraction will be emitted with 
even higher energies, up to a maximum of 50 MeV. An evaluation of the neutronic 
characteristics of this source and calculations of displacement damage and helium 
production that would result are presented in Reference 1. 

High energy protons will also be produced in the lithium target via reactions 
with the incident deuterons. There are few experimental data on proton production 
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by deuterons of the ·appropriate energies incident upon lithium. For scoping 

estimates, it can be assumed that the yield, spectra and angular distributions 
of most of the protons emitted following reactions with monoenergetic deuterons 
are the same as the the neuirons emitted. However, there are significant dif­
ferences expected between neutrons and protons emitted at the extreme upper 
ends of the spectra where, for neutrons, the yield is relatively small. In 
this regime, monoenergetic deuterons produce sharply peaked neutron and proton 
spectra due to reactions leading to long-lived states of the residual nuclei. 
However, there are more peaks in the proton spectra than in the neutron spectra 
and their magnitudes and energies are different. The highest energy neutron 
peak is about 10 MeV above the highest energY proton peak for the same deuteron 
energy. 

The flux of protons that penetrate to the backing plate was estimated by assuming 
that .the protons were created with the same characteristics as the neutrons except 
at the ext~eme upper end of thP spectrum. There, the maximum proton energy was 
assumed to be 10 MeV less than the maximum neutron energy for monoenergetic 
deut~rons and ~etails of the upper portions of the spectra were neglected. The· 

·initial proton yield and spectra depend upon the penetration depth in the lithium 
because the residual deuteron energy decreases with depth. It was found that 
only the upper end of the initial proton spectrum for each particular depth 
could penetrate through the remaining lithium to the backing plate. For example, 
at the front surface of the lithium, the 35-MeV deuterons produce a proton 
spectrum up to 40 MeV, but only protons greater than 29 MeV can penetrate 
through 19 mm of lithium to the backing plate. 

The·proton flux that penetrates to the backing plate was found to·be somewhere 
' ' 

between an upper limit of about 5% of the neutron flux and a lower limit of 
about 1%. The highest neutron flux on the backing plate is calculated to be 
about3 x 10 15 n/cm 2 -sec. Hence, the upper Hmit of the proton flux is 1.5 x 
1014 protons/cm 2-sec (~24 ~A/cm 2 ). 

The proton spectrum that is incident upon the backing plate is quite different 
from the neutron spectrum because of energy losses of the protons in the lithium. 
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The maximum proton energy incident upon the backing plate is only about 24 MeV. 
The spectrum on the plate is not accurately known since the upper portions of 
the initial proton spectra are not know. 'It was roughly estimated to decrease 
linearly with increasing proton energy to zero at 24 MeV. 

5.1. 3 Formalism for Evaluation_of Proton Induced Damage and Heating Rates 

At a particular point within the backing plate, the displacement rate, helium 
production rate and heating rate can be expres~ed in the following equations 
which are analogous to those used for calculations of neutron induced damage 
and heating. However, special provisions are needed to treat the rapid varia­
tions of the spatial and energy dependence of the proton flux in the backing 
plate. 

dpa/sec = ~d(E ) ~ {E )dE p p p p 

appin He/sec = 10-~He(Ep) ~p(Ep)dEP 

watts/gram = 1.602(10- 131 dE (E ) ~ (E )dE . dpx p p p p 

Here, ~p(Ep) is the flux spectrum of protons (p/cm 2 -s-MeV) for a particular 
location within the backing plate, od(E ) is the displacement cross section 

2 . p 

( 1 ) 

( 2) 

(3) 

(em /atom), oHe(Ep) is the helium production cross section, and dE(Ep)/dpx 
is the energy loss per unit path length (units of MeV/(gm/cm 2

)} as a function 
of energy for protons in the backing plate material. The local density of the 
material is p(gm/cm 3

) and dx is an increment of path length (em). 

Using the flux spectrum of protons that was estimated to be incid~nt upon the 
surface of the backing plate, the proton flux was evaluated as a function of 
penetration depth. This was do~e using the BRAGG (2) code which calculates 

the residual energy and relative flux as a function of penetration for charged 
~ particles incident upon a material. It makes use of the well known energy 

dependence of the stopping power for charged particles on materials. 
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5.1.4 Evaluation of Displacement Rates 

The displacement cross section for protons on stainless steel was assumed to 
be the same as that associated with Rutherford scattering of protons by iron. 
This cross section is very large for low energy protons and decreases roughly 
as 1/E for incre.asing proton energies. The methods for evaluation of such 
cross sections are described in Reference 3. 

It was estimated· in earl.ier work at HEDL that for energies somewhat above 'the 
Coulomb barrier for protons on the materials in stainless steel (rv7 MeV) the 
displacement cross section becomes increasingly larger than that due to Rutherford 
scattering alone. However, for an incident proton spectrum similar to what was 
estimated in this work, it canbeshown that using the Rutherford displacement 
cross section is a very good approximation. 

Figure 1 shows the displacement rate. profiles for monoenergetic protons of 6, 
12, 18 and 24-MeV incident upon thick nickel. Here one sees that, for all 
incident energies, the displacement rate peaks riear the end of the proton range 
where the residual energies are very low and the displacement ·rate is due 
exclusively to ·Rutherford scattering which is known very accurately. Only near 
the incident surface for monoenergetic protons greater than rvl2 MeV is the dis­
placement rate much larger than that predicted for Rutherford scattering alone. 
However, near the incident surface, the displacement rate profile for a spectrum 
of incident protons similar to that estimated here will be dominated by contri­
buti·ori's from low energy protons which produce displacements by Rutherford 
scattering. 

Note that the energy spectrum of atoms displaced by the protons is much softer 
than. that produced by the neutrons. As a result of this, the number of defects 
produced per calculated displacement is expected to be larger for the protons 
than for the neutrons. Recent work in which initial damage rates were measured 
for a variety of low energy ions suggests an upper 1 imit of a factor of three 
for this effect. For the present ap~lication, a factor of 1.5 to 2 might be 
appropriate because not all displaced atoms are at low energy. This is consistent 
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FIGURE 1. Displacement Rate Profiles Versus Penetration Depth for Monoenergetic 
Protons Normally Incident Upon Thick Nickel. 

with an estimate, corroborated by one experiment, of the difference in creep 
rates produced by neutrons and light ions. (4) For comparison to neutron induced 
displacements, the effective displacement rate calculated for the protons in 
this study was increased rather arbitrarily by a factor of two. 
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The displacement rate profile was evaluated for th~ estimated proton flux spectrum 
described earlier. Figure 2 shows the profiles for proton fluxes of 5 and 1% of 
the· neutron flux at the point of highest flux on the back1ng plate. Also shown 
is.an estimate of the neutron ind~ced displacement rate which was taken from data 
associated with Reference 1. 
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FIGURE 2. Effective Displacement Rate Profiles Versus Penetration Depth for 
·the Estimated Spectrum of Protons Incident Upon the Center, of the 
Backing Plate. Also shown is the neutron-induced ~isplacement rate 
profile. 
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Here one sees that at the surface of the backing plate the effective proton;~ 

induced dis.placement rate may be as large as "'120 dpa/full power year~ This 
is comparable to the neutron induced displacement rate of about 190 dpa/full 
power year. However, th~ effective proton induced displacement rate rapidly 
drops to zero about halfway through the 1.6 mm thickness of the backing plate. 
Thus the sum of the neutron and proton induced displacement rate profiles has 
a significant gradient. 

5 •. 1 . 5 Evaluation of Helium Production Rates 

Figure 3 shows the helium production rate profiles along the centerline (highest 
flux location) of th~ backing plate for proton fluxes of 5 and 1% of the neutron 
flux. Also shown is an estimate of the neutron-induced helium production rate. 
The proton-induced helium production cross section was obtained from data in 
Reference 5 and is shown in Figure 4. The profiles were obtained using this 
cross section plus an estimated 50% (2o) uncertainty. 

One sees that the proton-induced helium production rate may be as large as 
about 420 appm He/full power year at the surface of the backing plate. However, 

this is only about 20% of the neutron-induced helium production rate ("'2000 appm 
He/full power year). Hence, the proton induced hel~um production does not seem 
to be very significant compared to the neutron i.nduced rate. 

5.1.6 i Evaluation of Heat Deposition Rates 

Figure 5 shows th~ heating rate profiles along the centerline of the backing 
plat~ for proton fluxes of 5 and 1% of the neutron flux. The heating rate 
profiles for monoenergetic incident protons were obtained from the BRAGG (2) 
code and are similar in shape to the displacement rate profiles shown in 
Figure 1. Also shown in Figure 5 is an estimate of the neutron-induced 
heat i ng rat~ . 

... 
Here one sees .that, at the surface of the backing plate, the proton-induced 
heating rate may be as large as about 900 watts/gram. This far exceeds the 
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neutron-induced rate of about 10 watts/gram. However, the proton-induced heating 

rate rapidly drops to zero about halfway through the backing plate just as the 

displacement rate does. 

Conclusions 

It appears that at the surface of the backing plate the upper limit of the 

proton-induced heating rate far exceeds the neutron rate and that the proton­
induced displacement rate is comparable to the neutron rate. Therefore, it 
is likely that proton effects must be included in the analysis of the behavior 
of the backing plate during irradiation in the FMIT facility. 
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FISSION REACTOR DOSIMETRY 

L. R •. Greenwood (Argonne National Laboratory) 

1.0 Objective 

To establish the best practicable dosimetry for fission reactors and to 

provide dosimetry and damage analysis for OFE experiments. 

2.0 Summary 

Final results are presented for the ORR-MFE4A experiments. Samples have 

been counted from HFIR-CTR32. 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L. R. Greenwood 

Affiliation: Argonne National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtasks 

Task !I .A •. 1 Fission Rt:!actor Dosimetry 

5. 0 Accomplishments and St.a tus 

The status of all fission reactor dosimetry is given in Table 1. 

5.1 ~~simetry Resul~s for th~ ORR-MFE4A Experiment 

Preliminary dosimetry results were reported for-the MFE4A experiment in ORR 

in our August 1981 Quarterly Report (DOE/ER-0046/6). The irradiation was 
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conducted between June 12, 1980 and January 20, 1981 with an exposure of 

5471 MWD. Dosimetry wires were provided by ORNL; additional wires were also 

provided by ANL and are still being irradiated. 

TABLE 1 

STATUS OF REACTOR EXPERIMENTS 

Facility/Experiment 

ORR - MFEl 

- MFE2 

- MFE4A 

- MFE4B,C 

- TBC07 

- TRIO 

IIFIR - CTR. .32 

- CTR 30, 31 

- CTR 34, 35 

- Tl,T2,T3 

- RBl ,RB2 ,RB3 

Omega West - Spectral Analysis 

- HEDLl 

EBR II - X287 

IPNS - LASLl (Hurley) 

20 

Status/Comments 

Completed 12/79 

Completed 6/81 

Completed 12/81 

Irradiation in Progress 

Completed 7/80 

Test Planned 1/82 

Samples Counted 12/81 

Irradiation in Progress 

Samples Provided 9/81 

Irradiation in Progress 

Samples Provided 9/81 

Completed 10/80 

Completed 5/81 

Completed 9/81 

Planned for 2/82 



One problem noted in our previous analysis was that the cobalt samples 

indicated a higher thermal flux than the iron samples. This was contrary to 

our previous experience where cobalt and iron were always in excellent agree­

ment. Since the cobalt samples were in the form of a new Co-V.· alloy provided 

by ORNL, we requested a simultaneous activation experiment in the HFIR rabbit 

tube with our Co-Al alloys. The results of this experiment are listed in 

Table 2. 

TABLE 2 

COBALT-ALLOY ACTIVATION TESTS IN HFIR 

Sample (Source) 

Co-Al (NBS) 

Co-Al (RE) 

Co-V (ORNL) 

% Co 

0.116 ± 0.002 

0.504 

0.085 

Relative Activity 

1.000 

0.957 

1.156 

As· can be seen, the Co-V activity is much too high. If we adopt the NBS 

sample as a standard (since the others have no certifiable error analysis), 

then the Co-V alloy contains 0.098% cobalt rather than the 0.085% cobalt 

analysis by ORNL. This difference is very close to .that reported in our 

earlier report where the ratio of cobalt to iron thermal flux was 1.142. 

The 59co(n~)60co activity rate for ORR-MFE4A would thus be reduced to 6.20 x 

lo-9 atoms/atom-sec. The ratio to the MFE2 experiment is 1.040 compared to 

1 .• 053 for 58Fe (n, Y)59Fe. We thus conclude that the ORNL cobalt analysis is 
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incorrect· and that the cobalt and· iron monitors now measure the same thermal 

flux, as expected from previous experiments in ORR. Since we assumed that the 

iron values were correct and rejected the old Co-V activities, no changes are 

required in the thermal flux values for ORR which we reported previously. 

Since the flux wires were located near the maximum flux position in ORR it was 

expected that the gradients would be rather flat along the 6" sections of 

dosimetry wire. Whereas the fast flux was indeed found to be flat within a 

few percent, disturbing oscillations were found in the thermal values. A 

second nickel wire was thus cut into uniform 1/2" long sections to study these 

thermal gradients in more detail. The results are listed in Table 3. 

The gradients in Table 3 show that the 58co decreases near the top while the 

60co increases and the 57co is nearly flat. These trends can be explained by 

changes in the thermal flux since 58co is converted to 60co. The flat 57co 

trend means that the fast neutron flux gradient is quite small, (7% over 6", 

(2% over the top 5". The increase in the thermal flux near the top of the 

wire is also seen in helium measurements by Rockwell International (DOE/ER-

0046/7 - p. 26). The helium gradient is steeper than our changes in the nickel 
' . 

since helium depends on the thermal flux squared in a two-step reaction. This 

unusual behavior in the thermal flux gradient is probably due to neutron 

shadowing by the experimental'assemblies. However, the net effect is rather 

unimportant. ("-'5% in thermal flux, "-'10% in He production in nickel). 

In conclusion, the fluences reported earlier still appear to be accurate and 

our predictions of helium production in nickel are in excellent agreement with 
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TABLE 3 

NICKEL ACTIVITY GRADIENTS FOR ORR-MFE4A 
cr¢1 (ATOM/ ATOM-S) 

58Ni(n,p)58c0 60Ni(n,p)60co 58Ni (n,np)57co 

Sample (x 10-12) (x 1o-13) (x 10-14) 

1-Bottom 3.99 5.14 2.24 

2 4.00 5.31 2.29 

3 3.98 5~54 2.34 

4 3.99 5.60 2.35 

5 4.06 5.55 2.38 

6 4.01 5.67 2.37 

7 4.03 5.61 2.35 

8 4.03 5.55 2.37 

9 3.99 5.71 2.39 

10 3.91 5.80 2.35 

11-Top 3.85 5.89 2.38 

measurements at Rockwell International. However, the radiometric and helium 

values are still about 30% lower than neutronic calculations made-by ORNL 

(Gabriel and Lillie). 

6.0 References 

None. 
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1.0 Future Work 

Further measurements are planned in the MFE4B and C experiments. More 

complete dosimetry sets will also be analyzed at the end of the MFE4 

experiment. 

Samples have been counted from the HFIR-CTR32 experiment. Test experiments 

will be conducted in ORR for the TRIO tritium-breeding experiment in January. 

Some insulator materials will be irradiated at IPNS at cryogenic temperatures 

in February. 

8.0 Publications 

None. 
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CHARACTERIZATION OF SPALLATION NEUTRON SOURCES 

L. R. Greenwood (Argonne National Laboratory) 

1.0 .Objective 

To characterize the neutron flux, spectrum, and damage parameters for 

spallation neutron sources. 

2.0 Summary 

The Neutron Scattering Facility (NSF) of the Intense Pulsed Neutron Source 

(IPNS) has been characterized for radiation damage experiments. As expected, 

the spectrum is ~Qfter and damage rates are lower than in the Radiation 

Effects Facility (REF); however, longer exposure times will be possible at 

the NSF. The first fusion materials irradiations are planned for February 

1982. 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: T •• R. Greenwood 

Affiliation: •Argonne National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtasks 

Task II.A.2 High-Energy Neutron Dosimetry 
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5.0 Accomplishments and Status 

The Intense Pulsed Neutron Source {IPNS) at ANL became operational in July 1981 

and dosimetry experiments were conducted in the Radiation Effects Facility 

(REF) which has a 238u target surrounded by a lead reflector. Neutrons are 

generated from spallation reactions by a 400-500 Mev proton beam of about 8 ~A. 

The total neutron flux was measured to be 1.6 x 1012 n/cm2-s· (1.0 x 1012 above 

0.1 MeV). Spectral measurements, gradients, and ~mage rates were reported 

last quarter (DOE/ER-0046/7). 

Since ·the .IPNS devotes most of the operational time to the Neutron Scattering· 

Facility.. (NSF.) it was decided to also characterize this faci~ity for damage 

experiments. Two holes are available near the target (named H2 and F6), 

although.the holes are not instrumented at present. Dosimetry packages were 

irradiated from September 23 to October 2, 1981 for a total exposure of 7.73 x 

1018 protons on target. 

Twenty-five activation reactions were measured using Ge(Li) gamma spectroscopy. 

The STAYSL computer code was then used to adjust the neutron spectrum which was 

crudely based on neutronics calculations. The low energy flux was estimated 

from calculations with Be moderators only roughly similar to the configuration 

in the NSF. 

The unfolded neutron spectrum is shown in Figure 1 and compared to the REF in 

Figure 2. The spectrum in the NSF is clearly much softer than in the REF, 

especially below 0.1 MeV. However, the total neutron flux is roughly the 

same. This difference is due to the Be moderator in the NSF compared to a Pb 
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FIGURE 1. 

IPNS NSf 
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NEUTRON ENERGY,MeV 

Neutron Energy Spectrum for Position H2 of the IPNS-NSF. The 
dotted and dashed lines represent one standard deviation for 
each energy group. The flux above 44 MeV is not shown. 

27 



. 
•: . ..... ., . . 

IPNS 

NSf 

. ..... . . . 
:······: ....... : 

REf 

...... . .... 

fiSSION 

FIGURE 2. Spectra are Compared for the IPNS-REF (VT2), NSF (H2), and a 
Pure Fission Spectrum. The NSF spectrum is much softer than 

.the REF, although the total integral flux is comparable. 

28 



reflector in the REF. In very crude terms, neglecting very high-energy 

neutrons, the REF spectrum resembles a fast reactor like EBR II whereas the 

NSF spectrum is more like a mixed-spectrum reactor like ORR. 

Flux values are reported for both facilities in Table 1. The total flux in 

the NSF is about 67% of that in the REF; however, the fast flux· ()0.1 MeV) is 

only 30% of the REF while the thermal flux is 17.6 times higher. Since the H2 

and F6 sample tubes point directly in towards the target, gradients need only 

be measured along the tube. The fast flux (>0~ 1 MeV) was found to decrease a 

factor of two in a distance of two inches going away from the ·target. Spectral 

gradients were not measured, although it is assumed that experimenters would 

place samples as close to the target as possible in the 5/8" O.D. sample tube. 

6.0 References 

None. 

7.0 Future Work 

The first fusion materials experiment will be conducted by G. Hurley (LANL) 

during February or March of 1982. Organic insulators will be irradiated at 

cryogenic temperatures. Since gamma exposure is also of interest, heating and 

TLD measurements are now being made and compared to calculations. 

8.0 Publications 

1. M. A. Kirk, R. c. Birtcher, T. H. Blewitt, L. R. Greenwood, R. J. Popek, 

and R. R. Heinrich, Journal Nucl. Mater. 96, 37 (1981). 
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TABLE 1 

INTEGRAL FLUX RATES FOR IPNS 

A proton current of 8 ll A at 500 MeV is assumed. 

Percent standard deviations are given in parenthesis. 
r 

Energy Range NSF (H2) REF (VT2) Ratio 

(x 1011) (x lQll) (NSF/REF) 

Total 10.5 (12) 15.6 (13) 0.67 

)0.1 MeV 2.97 (22) 9.92 (17) 0.30 

Thermal 2.37 (17) 0.135 (17) 17.6 

0.5 eV-:-0.1 MeV 5.18 (18) 5.60 (23) 0.92 

0.1-1 MeV 2.27 (27) 6.79 (25) 0.34 

1-5 . o.58 (11) 2.64 (11) 0.22 

5-10 0.056 (24) 0.29 (23) 0-20 

10-15 0.016 (14) 0.048 (19) 0.32 

15-20 0.0086 (21) 0.036 (23) 0.24 

20-30 0.014 (25) 0.043 (15) 0.32 

30-44 0.016 (28) 0.049 (26) 0.34 

>44 rvo.038a "-'O.na 

aEstimated from neutronics calculations. 
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HELIUM GENERATION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 
B. M. Oliver, D. W. Kneff, M. M. Nakata, and H. Farrar IV (Rockwell Inter­
national, Energy Systems Group) 

1.0 Objective 

The objectives of this work are to measure helium generation rates of mate­
rials for Magnetic Fusion Reactor applications in the ~14.8-MeV T(d,n) neutron 
environment, to characterize the T(d,n) neutron field of the Rotating Target 
Neutron Source-!! (RTNS-11), and to develop helium accumulation neutron 
dosimeters for this test environment. 

2. 0 Summary ·. 

' The total helium generation cross sections have been measured for the pure 
elements Si, Co-, Sn, and Pt, irradiated by ~14.8-MeV T(d,n) neutrons at 
RTNS- I I. 

3.0 Program 

Title: Helium Generation in Fusion Reactor Materials 
Principal Investigators: D. W. Kneff and H. Farrar IV 
Affiliation: Rockwell International, Energy Systems Group 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask Il.A~2.2 
Subtask II.A.4.2 

Flux-Spectral Definition in RTNS-11. 
T(d,n) Helium Gas Production Data 

5.0 Accomplishments and Status 

Total helium generation cross section measurements have been completed for 
Si, Co, Sn, and Pt, irradiated in the -14.8-MeV T(d,n) neutron spectrum of 
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RTNS-II. The irradiation was a joint experiment with Argonne National Labo­
ratory (ANL) ·and Lawrence Livermore National Laboratory (LLNL), and both the 
experiment and previous cross section measurements have been detailed in 

. (1 2) 
earlier reports. ' The cross sections were detenmined by analyzing multi-
ple samples of each material by high-sensitivity gas mass spectrometry for 
generated helium, and combining the helium results with the neutron fluence 

. at eaCh sample's irradiation position. The fluence values were derived from 
a neutron fluence map constructed for the irradiation volume, using passive 
dosimetry incorporated in the experiment. The fluence mapping was supported 
by the Office of Fusion Energy of the u.s. Department of Ene.rgy (DOE), and 
the cross section measurements were supported by the DOE's Office of Basic 
Energy Sciences. 

The cross section results for these four materials are given' in Table 1. 
The absolute values were nonmalized to the niobium radiometric foil dosimetry 
results, for .which the 93Nb(n,2n) 92mNb cross section was assumed to be 
463 ± 19 mb.( 3) Most of the 4He measurements had absolute 1cr uncertainties 
of about 2%. The exception was platinum, whose higher cross section uncer­
tainties were due in part to the significantly lower helium concentrations 
(-2 x 1o-10 atom fraction) in this material. The neutron fluence determina­
tions contributed about 7% to the final cross section uncertainties. 

TABLE 1 
HELIUM GENERATION CROSS SECTIONS FOR -14.8-MeV NEUTRONS 

Measured Measured 
!v1a teri a 1 Cross Section Material Cross Section 

(mb) (mb) 

Si 218 ± 11 Sn 1.5 ± 0.1 
Co 40 ± 3 Pt 0.74 ± 0.11 
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Cobalt is of particular interest for helium accumulation neutron dosimetry. 

This element has the highest priority for radiometric dosimetry in the Fusion 
Materials Irradiation Test Facility (FMIT), because several neutron-induced 
reactions [(n,y), (n,2n), (n,3n), (n,4n), (n,p)] with different energy 
responses lead to long-lived radioactive products. Helium accumulation 
provides an additional dosimetry reaction in the same material with a differ­
ent energy sensitivity for neutron spectrum unfolding. This can be used to 
help minimize the number of different materials needed for passive dosimetry. 
Silicon is of interest for fusion materials as a component of candidate 
insulators and fbr optical materials, and tin is a component of candidate 
superconductors. The platinum cross section was measured to provide a back­
ground correction for the analysis of several platinum-encapsulated materials 
in RTNS-II. 

6.0 References 

1. 

2. 

3. D. R. Nethaway, 
Chern. , 40, 1285 

7.0 Future Work 

Cross Section, 11 J. Inorg. Nucl. 

The helium analyses of RTNS-i rradiated materials will continue, with emphasis 

on lead and selected platinum-encapsulated materials. The latter will 
include PbO, Nb2o5, PbF2, LiF, 6LiF, and 7LiF, to determine the cross sections 
of Li, 6Li, 7Li, 0, and F. 
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HELIUM GENERATION CROSS SECTIONS.FOR Be(d,n) NEUTRONS 
D. W. Kneff, B. M. Oliver, M. M. Nakata, and H. Farrar IV (Rockwell Inter­
national, Energy Systems Group) 

1.0· Objective 

The objectives of this ~ork are to measure helium generation rates of mate­
rials for Magnetic Fusion Reactor applications in the Be(d,n) neutron 
environment, to characterize this neutron environment, and to develop helium 
accumulation neutron dosimeters for routine neutron fluence and energy spec­
trum measurements in Be(d,n) and Li(d,n) neutron fields. 

2.0 Summary 

Helium analyses have been completed for the pure elements Cr, Co, and Nb 
irradiated in the Be(d,n) neutron field, and average integral cross sections 
have been determined. 

3.0 Program 

Title: Helium Ge·neration in Fusion Reactor Materials 
Principal Investigators: D. W. Kneff and H. Farrar IV 
Affiliation: Rockwell Inte~national, Energy Systems Group 

4.0 Relevant OAFS Program Plan· Task/Subtask 

Subtask II.A.2.1 
Subtask II.A.4.3 

Flux-Spectral Definition in the Be(d,n) Field. 
Be(d,n) Helium Gas Production Data 

5.0 Accomplishments and Status 

Helium analyses have been completed for the pure elements Cr, Co, and Nb, 

. irradiated in the Be(d,n) neutron· field for 30-MeV deuterons. The measured 
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helium concentrations were combined with integral neutron fluence values 
for the individual sample locations to derive average helium generation 
cross sections. These cross sections extend the tabulation of measured 
Be(d,n) cross sections presented in the previous Quarterly Report. (1) The 
measurements are based on a joint Rockwell International-Argonne National 
Laboratory (ANL)-Lawrence Livermore National Laboratory (LLNL) irradiation 
experiment that has been described in. detail previously. (2) The helium 

measurements were performed by high-sensitivity gas mass spectrometry, 
and the integral neutron fluence distributions were calculated by 
L. R. Greenwood at ANL,( 2) using the least~squares analysis code STAY'SL. 

The new cross section results are presented in Table 1, where they are given 
in two forms: sp~ctrum-integrated total helium production cross sections 
evaluated for the total Be(d,n) neutron fluence, and spectrum-integrated 
cross sections evaluated for the neutron fluence above 5 MeV. The cross 
sections representing the total neutron yield provide a means of estimating 
the helium generation in these materials for any similar Be(d,n) or Li{d,n) 
spectrum if the total .neutron fluence is known. Those cross sections evalu­
ated using a 5-MeV neutron energy cutoff provide a rough estimate of the 
average differential total helium generation cross sections for high-energy 
neutrons. (1) The Table 1 cross section values are averages based oti multiple 
samples of each element located at different positions within the irradiation 
v6lume. The cross section value varies with sample location, because of the 
spatial dependence of the neutron spectrum shape and the neutron energy 
sensitivity of the differential cross sections. The uncertainties in the 
tabulated cross sections for a given Be(d,n) irradiation position have thus 
been estimated to be -±35% for the total fluence and -±18% for the fluence 
a bovP. 5 MeV, ( 1) 

The cross sections determined tor fluences >5 MeV are similnr to those 
measured for T(d,n) neutrons {34, 40, and 14 mb, respectively, for Cr, Co, 
and Nb). This correlation was also observed for previous Be(d,n) results. (1) 
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TABLE 1 
INTEGRAL HELIUM GENERATION CROSS SECTIONS 

FOR THE -0-32-~leV Be{d,n) NEUTRON 
SPECTRUM PRODUCED BY 30-MeV DEUTERONS 

Average Cross Section* 

Material Total Fluence Fluence > 5 

Cr 13 mb 31 mb 
Co 13 mb 34 mb 
Nb· .5 mb 12 mb 

~4eV 

*The cross section uncertainty for a given Be(d,n) 
irradiation position is -±35% for the total 
fluence and -±18% for the fluence above 5 MeV, 
reflecting the changing neutron spectrum and 
thus cross section with source angle. 

6. 0 References 

1. 11 Helium 
Analysis 
tember 

2. D. W. Kneff, H. Farrar IV, L. R. Greenwood, and M. W. Guinan, 11 Charac­
terization of the Be(d,n).Neutron Field by Passive Dosimetry Techniques, 11 

in Proc. Symp. on Neutron Cross-Sections from 10 to 50 MeV, M. R. Bhat 
and S. Pearlstein, eds., BNL-NCS-51245, Brookhaven National Laboratory, 
N.Y. {1980), p. 113. 

7.0 Future Work 

The helium analysis of Be{d,n)-irradiated materials will continue, and 
correlations will be made between the integral helium generation results 
and helium production cross section evaluations. 

8.0 · Publications 

None .. 
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EFFECTS OF TEMPERATURE IN BINARY COLLISION SIMULATIONS OF HIGH ENERGY 
DISPLACEMENT CASCADES 

H. L. Heinisch (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this work is to develop computer models for the simulation 
of high energy cascades which will be used to generate defect production 
functions for correlation analysis of radiation effects. 

2.0 Summary 

Several hundred cascades ranging from 1 to 500 keV were generated using the 
binary collision code MARLOWE for primary knock-on atoms (PKAs) with randomly 
chosen directions in both a nonthermal copper lattice and one having atomic 
displacements ~epres~ntative of room temperature. To simulate the recombination 
occurring during localized quenching of the highly excited cascade region, an 
effective spontaneous recombination radius was applied to reduce the number of 
defect pairs to be consistent with values extracted from resistivity measure­
ments at 4K. At room temperature fewer widely separated pairs are produced, 
thus the recombination radius is smaller, however, the recombination radii were 
found to be independent of energy over the entire energy range investigated 
for both the cold and room temperature cases. The sizes and other features 
of the point defect distributions were determined as a function of energy. 
Differences between cold and room temperature cascade dimensions are small. 
The room temperature cascades tend to have a greater number of distinct damage 
regions per cascade, but about the same frequency of widely separated subcascades. 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Labora~ory 
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4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.B.2.3 Cascade Production Methodology 

5.0 Accomplishments and Status 

5.1 Introduction 

Computer simulations of radiation damage are done using models of varying degrees 
of exactness. A simplifying assumption often employed, even in fully dynamical 
models, is to neglect the thermal displacements of atoms and assume the atoms 
are initially arranged on a perfect lattice. It is usually assumed that the 
temperature of the· ~attice affects only the low energy aspect of a displacement 
cascade, namely the displacement threshold and focusing phenomena which are 
dictated by the lattice symmetry. Since lattice symmetry effects are not so 
important in high energy collisions, the net effect of thermal displacements 
on the set of high energy collisions which occur in a cascade is expected to 
be small when averaged over many cascades, even though individual high energy 
coll.isions may be greatly influenced by slight.changes in their impact parameters. 

Dynamical simulations with thermal vibrations (l-3) have demonstrated the effects 
of t~ermal vibrations for primary knock-on atom (PKA) energies up to about 100 eV~ 
The lengths of collision sequences are reduced, and the displacement energy for 
a give~ direction has a distribution of values. Higher energy cascades, greater 
than a few keV (in copper), have so far defied investigation with fully dynamical 
models, with or without thermal effects, simply because of the large computatiohal 
demands. 

The use of less exact models, employing the binary collision approximation, permits 
computers to accommodate PKAs with energies up to hundreds of keV, but the ability 
to deal exactly with the many-body aspects of low energy collisions is sacrificed. 
However, the widely-used binary collision code MARLOWE (4) contains parametric 

representations of some low energy phenomena which can be set to yield the ap­
propriate results. MARLOWE also has the capability of simulating a lattice at 
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a finite temperature by imposing on the lattice a Gaussian distrib~tion of 
uncorrelated displacements in the Debye model. Recently the low energy behavior 

of the MARLOWE code was investigated by Robinson for PKA energies up to 500 eV 
. in copper. (5) MARLOWE parameter values were chosen so as to give a reasonable 
fit to replacement sequence lengths evaluated with the dynamical code COMENT. (6) 

Anomalies in the production of defect pairs associated with <111> collision 

sequences were removed when the computations were done with the atoms given 
thermal displacements corresponding to room temperature. Thus, Robinson 
concluded that thermal displacements should be included in MARLOWE to give 
correct low energy behavior. 

MARLOWE has been used to investigate high energy cascades in copper from 1 to 
500 eV, with the parameters set as in the study above, but without thermal 
displacements.(?) In that investigation the gross characteristics of the 

spatial distributions of defects in cascades, i.e., the cascade shapes and 
s1zes, were described quantitatively as a function of PKA energy. The present 

. . 

work is a similar investigation of the spatial characteristics of high energy 
cascades in copper, but including thermal displacements in the MARLOWE 
calculations. 

5.2 Computations 

More than five hundred cascades, ranging in energy from 1 to 500 keV, were 
generated in copper using MARLOWE with thermal displacements representative 
of a temperature of 300 K, using a Debye temperature of 314K. 

In MARLOWE there is an energy parameter, Ed' which is the minimum energy an 
atom must receive in a collision if its trajectory is to be followed beyond 
that collision. To achieve appropriate lengths for focused collision sequences 
in the low energy events it is necessary to set Ed as low as 5 eV. (6) While 
this value of Ed allows for replacement sequence propagation resulting in widely 
separated defect pairs, it also leads to the production of many close pairs 

which are ultimately subject to.spontaneous recombinations. For PKA energies 
above 100 keV the large number of pairs produced as a re~ult of this low value 
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of Ed presents computational difficulties. Without making substantial changes 
to the code, the only way to economically handle cascade energies greater than 
100 keV is to increase the value of Ed. The result of using a higher Ed value 
is fewer pairs and smaller average separations. However, if spontaneous re­
combination is accounted for in such a way' that the number of remaining pairs 
is independent of Ed' then the spatial distributions of remaining vacancies 
are fairly independent of Ed also. The average separation of remaining pairs 
is, ~f course, gre~ter.for cascades generated with a low Ed value. Since 
setting Ed at 5 eV results in more realistic cascades, this value was used 
wherever practical. These runs were used to calibrate a more computationally 
efficient MARLbWE version with Ed = 17 eV, which was used to extend the work 
to PKA energies above 100 eV. 

The cascades as produced by MARLOWE are a simulation of the initial production 
of displacements occurrin~ in the first ~10- 13 sec of t~e cascade development. 
What happens during the subsequent dissipation of energy or 11 quenching 11 of this 
highly energetic cascade region can be properly simulated only by careful 
application of a dynamical model. However, a crude simulation of the pair 
recombination which occurs during the quenching of the cascade has been done 
with MARLOWE cascades by simply recombining the closest pairs until the proper 
number of residual pairs is r~ached. (]-B) It was found in the previous simulations 
(for Ed = 5 eV) that if defect pairs separated by less than 5.75 lattice parameters 
are recombined, the number of remaining pairs is equal to the value extracted from 
resistivity measurements on copper irradiated at ~4K, independent of the PKA energy. 

In the present simulations using thermal displacements, recombination was also 
used to simulate quenching of the cascades. Even though these cascades were 
produced in a lattice at 300K, they were recombined so as to have ·the number 
of pairs derived from the results of .the experiments at ~4K. It is assumed 
that this value _accounts for the recombination occurring only during the very 
rapid dissipation of energy in the localized cascade region. At 4K further 
rearrangement is not possible because of defect immobility. The influence of 

the temperature of the surrounding lattice on the immediate recombination. in 
the quench is probably a second-order effect, hence the recombination due only 
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to quenching should be about the same at higher temperatures as at 4K. At 300K, 
where defects are fairly mobile, more recombination is expected to occur during 
normal thermally activated diffusion, but the present investigation is concerned 
only with the effects of temperature on initial cascade structure. 

The dimensions of the recombined cascades were determined for the distributions 
of vacancies only. Thus on the average, about the same number of vacancies, 
representing those surviving the quench, were in the cascades at a given energy, 
regardless of the temperature of the model used to generate it. 

5.3 Results 

The average pair separations at 300K were 10% less than when thermal displacements 
were not included. The recombination representing the quenching of the cascade 
was simulated by a recombination radius of 4.75 lattice parameters. As with the 
nonthermal cascades, the numb.er of pairs in the recombined thermal cascades 
matched the resistivity results at all energies. The sizes of the resulting 
vacancy distributions were measured, and the average values of the results are 
compared at each energy with the nonthermal cascades in Table 1. The maximum 
dimension of the cascade, Rmax' in lattice parameters, is the distance between 
the two most widely separated vacancies. The dimension ~z is the maximum 
dimensi.on of the cascade along the initial PKA direction, and the aspect ratio, 

.! 
A, is the ratio ~z/((~x 2 + ~y 2 )/2) 2 , where ~x and ~yare the maximum dimensions 
transverse to the PKA direction. Thus, the dimensions ~x, ~y, and ~z define a 
rectangular parallelepiped which just encloses the cascade, ·and the aspect ratio 
A is a measure of the depth relative to the average transverse dimension. The 
values in Table 1 are averages of fairly broad distributions of values. The 
aspect ratios vary from about 0.2 to 4.0 for the 100 keV cascades. At all 
energies the vacancy distributions of the cascades generated at 300K hav.e a 
10-15% greater average maximum extent than the nonthermal cascades. The 
average aspect ratios of the parallelepipeds enclosing the 300K cascades are 
smaller at every energy. 
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TABLE 1 

DIMENSIONS OF ROOM TEMPERATURE AND NONTHERMAL SIMULATED CASCADES 

PKA ('\nax)'~ ( '\nax/ t,z) /A'·, 
Energy, ' ' / 

keV NT 300 K NT 300 K NT 300 K 

1 3.0 3.5 1.4 2.3 2.0 1.2 

'. . 2 5.7 6.0 1.3 1.9 1.8 1.1 

5 12 13 1.4 1.9 1.3 1.2 

10 22 23 1.4 1.9 1.6 1.1 

20 34 45 1.5 1.7 1.3 1.2 

30 43 56 1.4 1.9 1.4 1.1 

50 69 84 1.4 1.7 1.5 1.2 

100 117 129 1.4 1.6 1.6 1.2 

200 196 232 1.3 2.0 1.9 1.1 

500 443 488 1.2 1.7 1.9 1.7 

The irregularity of the defect distributions, especially at the higher energies, 
makes quantitative descriptions difficult. To facilitate analysis, the cascades 
were broken down into some basic components or segments which could be quantified. 
As in the pr.evi ous nontherma 1 cascade study the di sti net cascade segments were 
classified into three categories: 1) widely-separated subcascades for which 
the edge-to-edge separation of damage areas is at least as large as the sub­
cascade diameter (center-to-center separations typically greater than 90 
lattice parameters), 2) close subcascades for which the edge-to-edge separation 
is at least six lattice parameters (about the average diameter of a 2 keV 
cascade), and 3) lobes, which are contiguous but identifiably separate parts 
of the cascade (for example, an L-shaped distribution of defects might be con­
sidered to have two lobes). The number and center-to-center separations of the 
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distinct segments of which the cascades are composed were determined from defect 
density maps as in the nonthermal case. 

In Figure 1 the average number of lobes and subcascades per cascade is plotted 
as a function of energy for the cascades at 300K. For comparison, the dashed 

lines are the results for nonthermal cascades. The cascades at 300K are 

composed of greater numbers of both lobes and subcascades. On the average, 
the 300K cascades have 30-40% more lobes per cascade, hence the average size 
of individual lobes is smaller. 

Additional comparisons show other, slight differences between the 300K and 
nonthermal cascades. The average center-to-center spacing of lobes is 5-10% 
smaller at 300K, and as with the nonthermal cascades it is approximately 
constant (~40 lattice parameters) over the 50-500 keV energy range. The 
frequency of occurrence of widely spaced subcascades is abo~t the same with 
or without .thermal displacements, varying from a few percent at 50 keV to 
about 50% at 500 keV. The average separation of all widely-separated cascades 
is 6% less at 300K than for the nonthermal cascades. 

5.4 Discussion 

Thermal displacements remove the perfect crystal symmetry which is a simplifying 
artifact in most computer simulations of radiation damage. The expected result 
of including thermal displacements, confirmed by studies of low energy events, 
is the disruption of focused collision sequences along high symmetry directions. (2 

The net effect of this disruption should be a decrease in the average vacancy­
interstitial separation, and this effect was observed to occur, independent of 
PKA energy, in the MARLOWE cascades when thermal displacements were included. 

The inclusion of thermal displacements apparently has an effect on the gross 
.features of th~ cascade configurations. These are the features directly in­
fluenced by high energy collisions in the cascade. With thermal displacements 

there are more lobes per cascade, and the lobes have smaller average separations. 
In the previous work on nonthermal cascades. (7) it was concluded that a high 
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energy cascade can be characterized as a collection of mostly-connected 5-30 keV 
cascades, and that the number of lobes per cascade is approximately the PKA 
energy divided by 35 keV. As illustrated in Figure 1, when thermal displacements 
are included, there is about one lobe for every 25 keV. However, there is a 
good deal of subjectivity involved in determining what constitutes a lobe and, 
if anything, th~re may have been a tende~cy t~ distinguish too many regions as 
separate. Thus, 25-35keV per lobe is probably an appropriate range of values. 

If one assumes that the vacancies in individual lobes or subcascades can collapse 
to form loops, then it follows from the results here that the number of loops 
per cascade should increase with cascade energy, and that the distribution of 
loop sizes remains independent of energy. This behavior is observed in self-ion 
experiments in copper _( 9) where there were three times as many loops observed 
with 90 keV self-ions as with 30 keV self-ions, and the size distributions were 
quite similar. It should be noted, however, that the experiments were performed 
at room temperature, where vacancies are somewhat mobile in copper. Also, only 
those defects large enough to be imaged in an electron microscope could be 
measured. 

It is interesting to speculate on whether the effects of thermal displacements 
on the high energy aspects of cascades observed here are consistent with what 
one might expect from the disruption of crystal symmetry produced by thermal 
displacements. The lobed structure of the cascades in copper is apparently a 
manifestation of the mean free path for collisions involving large energy 
transfers. The addition of thermal displacements appears to slightly shift 
to smaller values the distribution of impact parameters available to an atom 
with random position and direction, creating an increased probability of very 
energetic collisions, hence, a smaller mean free path. This results in more 
lobes per cascade and closer spacing of lobes. This would also explain the 
increased probability of major ~ollisions early-on in the cascade development, 
resulting in the smaller values of the average aspect ratio. 

On the other hand, the widely-spaced subcascades may be a manifestation of 
channeling, hence these events are not subject to the same mean free path 
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considerations as lobes. The small differences in impact parameters encountered 
' '• 

by i?ns within the channels are apparently not enough to seriously affect the 
channel_ing capability. This is reasonable, sine~ channeling is experimentally 

. observed to occur over long distances at finite temperatures. There is however 
a slight tendency for somewhat shorter subcascade separations, evidently due to 
the incr~ased probability of dechanneling by atoms thermally displaced. 

The major effects of including thermal displacements in binary collision simu­
lations of high en~rgy cascades are the decreased average p~ir separations and 
the increased num~er of distinct damage regions (lobes) in the cascades. These 
effects_a~e not significant·enough to change any of the earlier conclusions 
about the basic nature of high energy cascade configurations which were based 
o~ no~thermal. simulations. (7) However, the behavior of the defects subsequent 
to thei.r.initial production, i.e., during quenching and short term annealing,. 
may depend very strongly on their actual configurations even at the level of 
exactness of MARLOWE and the simple short term annealing simulation models 
which hiive been applied to MARLOWE cascades. (8) 

6.0 References 

1 ~. _R. N .. Stuart, M. W. Guinan and R. J. Borg, Radiation Effects, 30 (1976) 129. 

2 .. A~ Tenenbaum, Phil. Mag., A 37 (1978) 731 . . -

3. J~ R. Beeler and M. F. Beeler, Proceedings of the International Conference 
on Fundamental Aspects of Radiation Damage in Metals, Volume 1 (1976) 21. 

4. · M. T. Robinson and I. M. Torrens, Phys. Rev. B, ~ (1974) 5008. 

5. 

6. J. 0. Schiffgens, D. M. Schwartz, R. G. Ariyasu and S. E. Cascadden, 
Radiation Effects, 39 (1978) 221. 

7. H. L. Heinisch, Proceedings of the Second Topical Meeting on Fusion Reactor 
Materials, Seattle, WA, August 1981, J. Nucl. Mat., in press. 

8. H. L. Heinisch, D. G. Doran and D. M. Schwartz, Effects of Radiation on 
M~terials~ ASTM Special Technical Publication 725 (1981) 191. 

9. M. M. Wilson, Phil. Mag., 24 (1971) 1023. 

46 



7.0 Future Work 

Interactions of cascades during short term annealing will be investigated 
along with simple models of cascade quenching. 

8.0 Publications 

This paper was presented at the International Conference on Neutron Irradiation 
Effects, November 9-12, 1981, Argonne National Laboratory, and it will be 
included in the conference proceedings to appear in the Journal of Nuclear 
Materials. 
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14-MEV NEUTRON IRRADIATION OF COPPER ALLOYS 
S. J. Zinkle and G. L. Kulcinski (University of Wisconsin-Madison) 

1.0 Objectives 

The objectives of this experiment are to: 1) determine defect survivability 
i~ copper alloys irradiated at room temperature and the influence of solute 
additions and neutron .fluence, and 2) determine whether resistivity measure­
ments can P.rov;i de useful information when used in conjunction with TEM and 
microhardness measurements to study the dependence of defect survivability 
on neutron energy and solute additions. In particular, this experiment is 
an attempt to use resistivity analysis to explain the difference in hardness 
increase and microstructure as viewed by TEM of Cu and Cu alloys examined 
previously by HEDL. 

2.0 Summary . ' 

Resistivity foils and TEM disks of pure copper and 3 copper alloys (Cu+S% 
Al, Cu+S% Mn, Cu+S% Ni) have been irradiated at room temperature at the 
RTNS-II facility. Resistivity measurements and TEM disks have been obtained 
for each metal at f1uences of approximately 1 x 1016, 3 x 1016, 1 x loll, 

3 x 1017 n/cm2. The change in resistance for the pure copper sample was 
found to be proportional to the square root of the neutron fluence. 

The results for the copper alloys show a decrease in the foil resistivity 
with neutron fluence Up to about 1 X 1017 n/cm2. At a fluence .of 3 X 10~ 7 

n/cm2, the foil resistivity increased and became greater than the pre­
irradiation value for the Al and Ni solute alloys. This tends to indicate 
that the overall resistivity is due to a superposition of a negative resis­
tivity process which saturates at high fluence, and a positive resistivity 
process. 
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3.0 Program 

Title: Radiation Effects to Reactor Materials 
Principal Investigators: G. L. Kulcinski and R. A. Dodd 
Affiliation: University of Wisconsin 

4.0 Relevant OAFS Program Task/Subtask 

Subtask II.B.3.2 Experimental Characterization of Prima~ Damage State; 
Studies of Metals 

Subtask II.C.6.3 Effects of Damage Rate and Cascade Structure of Micro­
structure; Low-Energy/High-Energy Neutron Correlations 

Subtask II.C.l6.1 14-MeV Neutron Damage Correlation 

5.0 Accomplishments and Status 

5.1 Introduction 

This study is a continuation of research on copper alloys which was initi­
ated by researchers at HEDL. In their study,(l) the authors used a combi­
nation of microhardness and TEM analysis in an attempt to quantify defect 
survivability and microstructure, and the influence of neutron fluence and 
solute additions on these parameters. The irradiation-induced microhardness 
changes were found to be independent of the type of alloy. In their TEM 
analysis, they found that the Cu+5% Al had about twice as 1nany visible 
clusters per calculated PKA as compared to the other alloys. We anticipated 
that a resistivity analysis in conjunction with microhardness and TEM work 
might help to resolve this puzzle. 

The current study, therefore, tries to duplicate the experimental conditions 
of the previous work. TEM disks have again been irradiated, along with 

resistivity foils. 
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5;2 Experimental Procedure and Results 

Samples of the alloys in the form of 10 mil thick foils were obtained from 
HEDL. A detailed description of the composition of these alloys has been 
previously reported.( 2,J) In order to obtain accurate resistivity results, 
the thickness of the foils had to be reduced. This was accomplished by 
cold-rolling, with 6 passes required to achieve the final thickness of about 
1 mil. TEM disks were _punched out, deburred, and enscribed with an identi­
fying'number. Resistivity foils were cut to a width of about 10 mils, 
measured, and weighed. The samples were then annealed under a partial 
atmosphere of high-purity argon and allowed to air cool. The pure copper 
samples were annealed at 400°C for 15 minutes. The Cu alloys were annealed 
at 750°C for 1/2 hour. This duplicated the stress relieved condition for 
the foils from the HEDL stuqy. After the anneal the pure copper had a RRR = 
380. 

Standard resistivity measuring equipment supplied by M. w. Guinan of LLNL 
was used to measure the resistance increments. The potentiometer used in 
the experiment had a resolution of 10 nV. The resistivity foils were 
connected in series so that the same current flowed through all samples. 
The current through the foils was maintained at about 10 mA, and was read 
directly by a Dana digital multimeter. Readings were taken with the current 
going both ways through the samples in order to cancel out the effect of 
thermal emfs. There was some difficulty with the stability of the current 
supply, so several readings were taken and the results were averaged. The 
effect of this instability has been· included in the error analysis. 

A schematic of the sample holder used in the experiment is shown in Figure 
1. For si~plicfty, the voltage leads are not shown. Niobium dosimetry 
foils were placed between each resistivity foil and between the TEM disks to 
determine the 14 MeV neutron fluence. The TEM disks were spaced away from 
the neutron source at four different distances such that at the end of the 
experiment the total dose ~eceived by the disks was approximately 1 x•1o16, 
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3 x 1016, 1 x 1017, 3 x 1017 n/cm2 for each alloy. The variation of neutron 
fluence across the resistivity samples was approximately 15%. .. 

The experimental procedure consisted of irradiating the samples at room 
temperature to a certain fluence level, then the entire sample assembly was 
removed and the foils were immersed in liquid helium while the resistivity 
measurements were being made. When the measurement was finished, the sample 
assembly was repositioned in front of the neutron source and the riext incre­
ment of fluence was started. Ion chamber readings were recorded at the end· 
of. each leg of.the experiment. After the experiment was over, the Nb foils 

. ' i 

were removed and counted to determine the total neutron fluence received by 
the samples. By taking the ratio of the ion chamber readings at each stop­
ping point of the experiment, the fluence level for each leg could be deter­
mined. The sample assembly was designed so that repositioning errors 
between legs of the experiment were negligible. 

The fluence levels achieved for each of the 4 resistivity samples is given 
in Tab 1 e I. . The , integrated fl uence received by each of the foi 1 s was ap­
proximately 2~9 X 1017 n/cm2, which corresp~nds to about 0.001 dpa. The 
unirradiated resistivity value (4.2°K) for each of the samples is also given 
in Table I. The fluence levels for the TEM disks is given in Table II. The 
maximum fluence achieved was about 2 x 1017 n/cm2. This value 1s les.s·than 
the maximum f.luence for the resistivity foils because of geometrical po­
sitioning. 

A size effect correction had,to be made for the pure copper foil. This was 
... .. .... 

readily done following the procedure of reference 4. A value of ·K = 7.0 x 
1o-16 n-m2 was used.(S) The magnitude of the size effect correction varied 
from 18% to 7% with increasing fluence level of the foil. 

The conversion from the measured macroscopic resistance-values to resis­
tivity values was accomplished as follows. The foil length and width were 
measured with a travelling microscope, and the foil was weighed with a 
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TABLE I 
DATA FOR RESISTIVITY SAMPLES 

Alloy p0 (n-cm) ~P 1 (n/cm2 ) ·cp2(n/cm2) ~P 3 (n/cm2 ) ~P4 (n/cm2 ) 
Cu · 4.49 x 1o-9 0.98 X 101 6 3.03 X 1016 9.8 X 1016 2.93 X 1017 

Cu+5% Al 3.96 X 10-6 0.97 X 1016 3.0 X 1016 9.7 X 1016 2.91 X 101 7 

Cu+5% Mn 1.o8 x 1o-5 0.93 X 1016 2.9 X 1016 9.35 X 1016 2.80 X 1017 

Cu+5% Ni 5.16 X 10-5 0.96 X 1016 2.98 X 1016 ./ 9.6 X 1016 2.88 X 1017 

TABLE II 
FLUENCE LEVELS OF TEM SAMPLES 

Alloy ~P 1 (n/cm2 ) ~P2 (n/cm2 ) ~P3 (n/cm2 ) ~P4(~/cm2) 
Cu 1.41 X 1016 4.29 X 1016 1.07 X 1017 1.85 X 1017 

Cu+5% Al 1.42 X 1016 4.60 X 1016 1.18 X 1017 2.08 X 1017 

Cu+5% Mn 1.42 X 1016 4.48 X 1016 1.16 X 1017 1.99 X 1017 

Cu+5% Ni 1.46 X 1016 4.42 X 1016 1.17 X 101 7 2.24 X 1017 

microbalance. Using the handbook value for the density of copper,( 6 ) the 
foil thickness was deduced. The geometry factor for the pure copper sample 
was A/L = 1.95 x 10-6 m. This value was checked by an alternative method: 
The conversion factor can be determined directly from the ratio p 0 /R0 , where 
Po is the handbook resistivity value( 6) at 20°C, and R0 is the measured un­
irradiated sample resistance at 20°C. The results of these t~o methods 
agreed to within 1%. · 

The resistance change as a function of fluence for pure copper and the 
copper alloys is shown in Figures 2 and 3, respectively. Representative 
error bars are as indicated. 

A post-irradiation isochronal anneal was attempted in order to obtain more 
information about the defects, but difficulties with the sample holder pre­
vented any conclusive results from being obtained. 

1 
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FIGURE 3. Resistance Change vs 14-MeV Neutron Fluence for Copper Alloys. 
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5.3 Discussion 

The resistivity change of the pure copper is proportional to the square root 
of fluence. This is a generally well known result for irradiation tempera­
tures where the interstitial i~ mobile.(7,8) 

Irradiation of the copper alloys initially produced a decrease in the foil 
resistivity. At higher· fluences, the resistivity increased and became 
greater than the pre-irradiation value for the Al and Ni solute alloys at a 
fluence of 3 x 107 n/cm2• This effect has also been observed by other re­
searchers(8,9) for both electron and neutron irradiations. The resistivity 
change rate is composed of 2 competing processes: a positive change rate. 
due to Frenkel defect production and a negative one due to solute segre­
gation or short range ordering. The negative process probably saturates at 
high fluence but future tests and analysis are being conducted o~ these 
alloys to clarify the mechanism. 
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7.0 Future Work 

An attempt will be made to determine the number of defects surv1v1ng using 
appropriate resistivity models. Future plans include TEM analysis and 
microhardness in a cooperative effort with HEDL • 

• 
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NEUTRON-IRRADIATION PLAN FOR CALIBRATION OF GAMMA AND NEUTRON DAMAGE EFFECTS 
IN ORGANIC INSULATORS 
G. F. Hurley, J. D. Fowler, Jr., and D. M. Parkin* (Los Alamos National 

Laboratory) 

1.0 Objective 

This study is being carried out to determine the effects of neutron-irradia­
tion at 4.2 K on epoxy and polyimide insulators, and to compare these effects 
with those from gamma-irradiations at the same temperature, and in the· same 
materials. 

2.0 Summary 

A plan for a preliminary calibration of damage effects from neutron-irradia­
tion with those from gamma irradiation of organic insulators has been develop­
ed.· In this first experiment, G-lOCR, G-llCR, two polyiMide-based analogues 
of G-10, kapton films, and glass-filled Epon 828 are being prepared for 
irradiation in lPNS. Damage effects will initially be calibrated primarily 
by a phenomenological comparison of mechanical and electrical properties. 

3.0 Program 

Title: Radiation Damage Analysis and Computer Simulation (Radiation Effects ' . 
in Organic Insulators) 

Principal Investigator: G. F. Hurley 
Affiliation: Los Alamos National Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task 11.8.4: Damage Production in Insulators 
Subtask 11.8.4.3: Experimental Validation/Calibration of Theory 

*Currently on assignment to DOE/Germantown 
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5.0 Accomplishments and Status 

5.1 Introduction 

Organic insulation is specified for the superconducting ohmic heating coils, 
toroidal field coils, and equilibrium field coils in many tokamak reactor 
designs, including the Fusion Engineering Device (FED). The essential re­
quirements for organic insulation, and implications of the work carried out 
to date, have recently been reviewed. (l) Much work of a s~oping nature has 
been carried out in which _candidate insulators have been irradiated to high 
doses (~10 6Gy) in fission reactors which supply most of the dose from y absorp­
tion. (2- 5) This work has defined limitations for epoxy-based materials which 
fall in the dose-range of interest, 106- lOB Gy. At the same time, analogous 
polyimide materials have shown satisfacotry retention of properties in this 
dose range. 

Limitations in using the existing data to· predict insulator behavior in fusion 
reactors can: be seen by comparing the conditions under which this data was 
obtained with the operating environment in fusion devices. Specifically, 
magnet insulation in service is exposed to both neutron and gamma irradiation 
at liquid helium temperatures. The total dose is expected to be in the range 
107-lQBGy as specified for a number of designs (Table 1). A substantial part 
of the total dose (50-90% by various estimates) is contributed by the neutrons. 

TABLE 1 
SPECIFIED DOSE TO THE ORGANIC INSULATORS IN 3 

CONTEMPORARY FUSION REACTOR DESIGNS 
MACHINE 

FED 
I NT OR 
STARFIRE 
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During operation of the magnets, the insulation ~s required to withstand pulsed 
electrical and mechanical stresses, with the latter being the more demanding. 
Mechanical stresses will be multiaxial, with tensile, shear, and compressive 
components. Finally, the magnets will be periodically warmed to room tempera­
turer a factor which is likely to affect the insulator's radiation response. 

By contrast, studies in this country( 2- 4) have concentrated on candidate • ·. 
materialg after liquid helium irradiations, with most of the dose from y-ray 
absorption. Mechanical testing was conducted at 77 K after samples had been 
warmed to room temperature. A survey of irradiation effects in epoxy and 
polyimide materials in Japan{ 5), has suggested that mechanical properties show 
greater loss when tested at 4.2 K, without warmup. 

Based on this comparison it is clear that several areas for investigation· 
require attention, just to assess expected radiation performance of materials 
which have already been examined. A key area for consideration is the nature 
of the radiation, and how the mechanism of radiation-induced structural change 
might be. affected when a much larger fraction of the dose comes from neutrons. 

Other aspects of the problem which have not been addressed concern the effect 
of other operating conditions on the perceived degradation, partly reflecting 

·the influence of the operating environment on the mechanism. These problems 
include the thermal history, atmosphere during warmed-up periods, dose rate, 
and the complex stress state expected during magnet service. 

In our work, of which this is the initial report, we will address the first of 
these subjects, the effect of the type of irradiation on the degradation of 
those polymers which· are already candidates for magnet service and for which 
some data for degradation in y-fluxes already exists. The first study will 
be a calibration based on a phenomenological comparison of this data with that 
obtained 'after neutron 'irradiation in lPNS and RTNS-11. This initial study· 
wi 11 be fall owed by work of a more fundamenta 1 nature to determine the 
mechanism of degradation. 

t 
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5.2 Irradiation Experiments 

5.2.1 IPNS. 
An initial irradiation has been scheduled for IPNS, to be carried out in late 
February or early March of CY 1982. In addition, a tentative plan has been· 
made for a second irradiation in RTNS-II. 

In the first irradiation, preparations for which are underway or completed, 
samples will be irradiated which will mirror those tested at ORNL after 
y~irnadiation. The materials which will be studied are listed in Table 2. 

TABLE 2 
DESCRIPTION OF MATERIALS FOR IPNS IRRADIATION 

Material Description 
G-lOCR Glass-cloth reinforced epoxy. Meets 

NEMA G-10 specification as modified 
for cryogenic service 

G-llCR Similar to G-lOCR; epoxy differs in 
the nature of its cure. 

Spaulrad™ Polyimide matrix analogue of G-lOCR; 
product of the Spaulding Fiber Co., 
Tonawanda, NY 

Norplex NP~530 Similar to above; product of Norplex 
Division, LaCrosse, WI 

Silica-filled Epoxy resin with 40 wt %filler and 
0.5% 3-(2-Amino-ethylamino) propyl 
trimethoxysilane coupling agent, cured 
with the Shell Z (blended aromatic) 
curing agent. Duplex cure at 355 K 
followed by 425 K. 

Kapton Non-reinforced polyimide film material 
(Dupont) 

Aluminized Kapton Candidate thermal insulation material 
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These materials are the same as those studied in the latest work at ORNL, (2•3) 

in y-irradiations, and have been selected for this study for a phenomenologi~ 

cal comparision of the damage after IPNS irradiation, with that occurring 

after y-irradiation. 

Figure 1 illustrates the types of samples which have been prepared for irradia­

tion. Elongated bars were machined from sheet materials with the warp direc­

tion parallel to the sample axis, or cast from epoxy with the aid of the 

fixture shown in Fig. 2. Eight samples of each material will be ir~adiated, 

of which six will be evaluated in flexure testing to fracture, and two will 
be used for tensile modulus determination. Modulus changes are a sensitive 
indicator of structural changes in polymers. 

A 

c 

0 

FIGURE 1. Sample Forms for IPNS Irradiation. 
A. G-lOCR compression samples. 
B. G-llCR disks for electrical tests. 
C. NP-530 bars for tension and bend tests . 
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FIGURE 2. Casting Fixture for Epoxy Flexure Samples. 

Compression samples were machined from the reinforced materials with their 

axes parallel to the fabric warp direction, so that the stress during testing 

will be in the plane of the reinforcements. Epoxy samplP~ ~rP hPino m~chined 

from rods cast in tubular teflon molds (Fig. 3). Six samples of each material 

will be irradiated, and compression modulus and fracture strength and mode 

will be determined. Thesetests as well as flexure testing will be carried out 
at 77 K. 

Electrical properties characterization will he carried out in two distinct 

areas: measurement of dielectric breakdown strength and determination of low­

field AC and DC conductivity. The former will be done at room temperature in 
an atmosphere of pressurized gas to reduce the likelihood of flashover. Disks 

]9mm in diameter have been prepared for these measurements, by punching from 

thin sheets of the fiberglass materials containing only a single layer of 

glass cloth. No dimpling of these samples will be used (to reduce the thick­

ness in the area of applied high voltage) due to the laminar nature of the 
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material. Epoxy samples are being sliced from large bar castings (Fig.3) 

and will be dimpled to leave- 0.1 mm thickness. Four samples of each 
material will be tested. 

FIGURE 3. Rod Molds. A. 6.4-mm diam for compression samples 
B. 19-mm diam for electrical specimens 

Conductivity measurements will be made using 19mm disks with tradiational 3-
terminal. electrodes applied to the surface with a silver paste. AC and DC 
measurements will be made at room temperature. AC and somewhat less sensitive 
DC measurements will also be made at temperatures between 80 and 300 Kin order 
to determine temperature dependence and gain an understanding of changes in 

polymer structure through study of any activation processes which may be 

found. These samples have been punched from thicker reinforced sheets, 
typically 0.5 mm thick. Epoxy samples are being sliced from cast bars. 
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A low temperature apparatus, consisting of two concentric brass cylinders 
containing a sample holder and thermocouple, has been constructed and tested. 
This will allow conductivity and loss tangent measurements over a continuous 
temperature range from 80 to 300 K. 

Prior to irradiation samples will be placed in a copper irradiation can, of 
welded construction, now being fabricated. This can will be placed in the 
IPNS cryostat, immersed in a static helium pool. The latter is in turn 
cooled by liquid helium flowing in a loop. To insure that the samples are 
held at liquid helium temperature, the can itself will be helium filled. 
After irradiation (5 days, attaining 5xl021 m m- 2 ) the samples will be per­
mitted to warm to room temperature . A gas sample will be collected at this 
time, and again after 1 month. Dosimetry for this experiment will be 
supplied by L. Greenwood of the Argonne National Laboratory. 

5.2.2 RTNS-II 

If possible, a second irradiation will be carried out later this year. The 
purpose ot th1s experiment will be to continue the calibration of property 
degradation after neutron irradiation against existing data for degradation 
after y - or mixed-irradiation data. In this case we will be seeking compari­
son with some of the recent work of Kato and co-workers at the JAERI. (S) 

Although preparations for this work are not as advanced as for the IPNS 
irradiation, considerable progress has been made in the preparation of sample 
casting fixtures and a mechanical test device for cryogenic testing. Mnteri­
als which will be irradiated are unfilled epoxy, with aliphatic amine 
aromatic amine, and acid anhydride hardeners. Samples will be 1.5 mm diam x 
3 mm long cylinders which will be tested in compression. A fixture for 

casting these samples has been fabricated in the form of a split mold, as 
shown in Fig. 4. The castings, shown at the bottom in Fig. 4, are then 
trimmed to size with the aid of the fixture in Fig. 5 
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FIGURE 4. Split Mold for Casting Small Compression Samples. Several as-ca$t 
samples are shown below the mold. 

FIGURE 5. Fixture for Trimming the Samples Shown in Fig. 4. Samples are 
clamped and then cut off and ground with their length secured by 
the thickness of the plate. 
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Compression tests yielding modulus and fracture strength will be carried out 
at 77 K after irradiation. A cryogenic test fixture suitable for testing 
these small samples has been designed (Fig. 6) and is being fabricated. This 
device will employ a displacement transducer for the measurement of strain. 

t TO LOAD CELL 

I I 
I 
I 
: CROSS-HEAD 

I 

FIGURE 6. Schematic Illustration of the Cryogenic Test Fixture Now Under 
Construction. This device is lowered into a dewar durin~ testing. 

Samples in this study will also be irradiated at liquid helium temperature. 
A Helitran cold end* and associated hardware, which are compatible with the 
arrangement for cryogenic irradiations at RTNS-II, are on order. Some 
modification to this apparatus will be necessary, after its receipt, for 
accommodating the samples. 

*Air Products Co., Allentown, PA 18105 
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5.3 Concluding Remarks 

A program to investigate radiation damage in organic insulators of interest 
to the magnetic fusion program has been initiated. The initial stages of the 
investigation will aim at calibrating neutron damage effects on physical 
properties of organics irradiated at liquid helium temperature against those 
measured after similar y-irradiation. Prepar.ations for the first irradiation, 
in IPNS, are nearly complete, and·the irradiation should be carried out during 
the next quarter. 
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7.0 Future Work 

The IPNS irradiation will be carried out during the next quarter. Measurements 
on the control samples will begin· concurrently. An RTNS-II irradiation is in 
the planning state. 
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8.0 Publications 

F. W. Clinard, Jr. and G. F. Hurley, .. Ceramic and Organic Insulators for 
Fusion Applications .. , Second Topical Meeting on Fusion Reactor Materials, 
Aug:~ 1981, Seattle, WA .. To be published in J. Nucl. Materials. 
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QUANTITATIVE LOAD-ELONGATION CAPABILITIES OF AN IN-SITU HOT TENSILE STAGE FOR. 
HVEM USE 
R. D. Gerke and W. A. Jesser (University of Virginia) 

1.0 Objective 

The objective of this report is to describe the capabilities of the quanti­
tative load-elongation tensile rod that is used in an HVEM to conduct in-situ 
studies of the nature of crack propagation in irradiated materials, and to· 
indicate the type of data that can be obtained by such an apparatus.· 

It has be~n demonstrated that load-elongation data can be obtained from thick 
(40 ~m) areas of small tensile specimens while. simultaneously observing crack 
propagation chatacteristics and microstructural interactions through HVEM 
video recordings obtained from the thin (< 1 ~m) regions of the specimen. 

3.0 Program 

Title: Simulating the CTR Environment in the HVEM 
Principal Investigators: W. A. Jesser and R. A. Johnson 
Affiliation: University of Virginia 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task ll.C.l3 Effects of Helium and Displacements on Crack Initia~ion and 
Propagation 
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5.0 Accomplishments and Status 

5.1 Introduction 

The embrittling process due to radiation damage produced during the normal 
operation of a reactor has been extensively studied through engineering tests 
of irradiated bulk specimens that are designed to characterize the brittle 
nature of the bulk specimens. This characterization is accomplished through 
the use of such parameters as fracture toughness, elongation (total and uni­
form), stress,intensity factor K, J-integral and crack opening displacement 
COD. Only COD has any direct microstructural relationship to the fracture 
mechanism. In order to better understand the mechanisms of fracture and the 
causes of embrittlement, in-situ deformation experiments are being conducted 
on thin, electron transparent specimens inside transmission electron micro­
scopes. In this case, typical parameters which characterize the fracture are: 
crack angles, crack tip radius, plastic zone width and plastic zone lengths(l-4). 
There are serious challenges which must be met when attempting to relate the 
in-situ TEM fracture parameters of thin specimens to those parameters appropri­
ate to the bulk specimen tests~ Specimen dimensions (primarily thickness) are 
important when comparing bulk specimens to thin specimens because of the dif­
ferent stress state created in each (plane stress vs. plane strain). Compari­
son of the fracture parameters of thin specimens to that of bulk specimens is 
difficult because of not only the different stress state present but the fact 
that quantitative tensile data are very difficult to obtain from specimens de­
formed inside a TEM. The aim of this work is to develop a quantitative load­
elongation hot tensile stage and to use it as a tool to suggest methods for 
linking accepted tensile measurements obtained from bulk specimens to the para­
meters used to describe ductility in thin foil specimens. This link can ul­
timately be used to quantitatively measure the ductility of in-situ deformed 
materials in the TEM which could be a very valuable tool when used in studying 
the complex fracture process found in radiation damaged materials. 
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5.2 Hot Tensile Stage Description 

The quantitative load-elongation tensile stage has·been designed to be used 
in-situ with the HVEM-accelerator link constructed at this facility( 5-B) which 
means that it is constructed so that it may be tilted to 45° (to the electron 
beam) so that simultaneous helium ion irradiation and viewing may be performed. 
A schematic drawing of the tensile rod is shown in Figure 1. 

8 Pin Connector~ 

Heater i 
!:.l~ment 1 ":) milf\lckel 

::.re Compression 
S:.rmg 

LVDT Tronsc·ccer 

Figure 1. Schematic Drawing of the Quantitative Load-Elongation Tensile Rod. 

There is a compact heating element and a thermocouple located in the vacuum 
area of the HVEM at the tip of the rod and two transducers, to determine load 
and elongation, at the opposite end of the rod outside of the HVEM (only the 
elongation transducer is shown in Figure 1). Voltage outputs from the trans­
ducers are continually recorded by use of an x-y plotter and a two pen strip 
chart recorder which is primarily used to maintain a record of the elongation 
rate. The tensile rod consists of two concentric stainless steel tubes. The 
outer tube is fixed in place and holds the tensile specimen, while the center 
portion, which acts as the pulling section, is connected directly to a spring. 
A hydraulic system compresses and restrains the spring and controls the spring 

expansion 
constant. 
developed 

rate and hence the elongation rate of the system, which is not 
The original design of a hydraulically controlled tensile rod was 

by ~~ilsdorf(g) and has been modified by Hcrton( 3). 
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5.3 Primary Tensile Rod Capabilities 

5. 3.1 Specimen Heaters 

The heating element was made in house from nichrome wire and was designed 
after that of Philips Co. It has a bifilar winding circular in nature and 
positioned beneath the electrothinned region of the specimen. The electron 
beam passes through the center of the 3.5-mm diameter element which requires 
only 1 ampere to produce a recommended maximum specimen temperature of 700° C. 
Equilibrium time at this temperature is on the order of 15 minutes. 

5.3.2 Thermocouple 

A standard chromel-alumel thermocouple is mounted near the tip of the specimen 
stage and is primarily used to monitor the specimen temperature by use of a 
calibration curve which relates the specimen temperature to the thermocouple 
readin~. Since this tensile rod may be used in simultaneous. in-situ He+ ion 
irradiation and specimen deformation experiments, a way of monitoring the ion 
beam by using the thermocouple wires was devised. The center (pulling sec­
tion) of the rod was electrically insulated from the main body by extensive 
use of ceramics and provides a method to continuously monitor an effective 
ion-beam current. 

5.3.3 Load and Elongation 

The unique aspect of this apparatus is that it can quantitatively measure load 
and elongation of micro-tensile specimens much like tensile testing machines 
do on bulk specimens. Measurement of load and elongation is accomplished by 
use of two transducers: a D.C. operated linear variable differential trans­
former (LVDT) to determine total elongation, crosshead speed and total pulling 
force provided by the spring, and a pressure transducer used to determine load 
exerted on a specimen. In the present configuration, loads up to approximate­
ly 10 kg. are possible. 
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5.4 Tensile Specimen Geometry 

The specimens studied are punched from a 1.5 mil ("' 40 \.lm} sheet which pro­
duces a rectangular shaped ribbon specimen, 12.5 x 2.5 mm in dimensions, with 
a small hole u~ed for gripping at each end. The specimen is annealed and then 
electo-thinned in the center, approximately 2 mm diameter, leaving a 'thick' 
portion on each side of the electropolished region. Because of the electro­
polish configuration, the ribbon specimen can be thought of as the classic 
'dogbane' configuration typically used in the tensile testing of bulk speci­
mens, if one neglects the small contribution due to the electropolished re­
gion, as shown in Figure 2. This indicates that the load supported by the 

~ 
~ L => -/ (I ) 

'r => 
<b 
I 

Dimensions in mm 

Figure 2. Schematic Illustration Showing the Similarity Between an Electro­
thinned HVEM Specimen and a Conventional Tensile Specimen. 

specimen is primarily carried by the portion of the specimen not electro­
polished which means that the tensile data is obtained from these relatively 
thick reginns while microstructural observations, viewed in the HVEM, come 
from the electro-thinned region. Correlations between the two may be possible. 
Also, the electro-thi~ned region is not uniformly thin but exhibits a thick­
ness gradient, 'bowl' shaped, which begins with the thickness of the foil and 
tapers toward the center of the specimen where a perforation is made. This 
complicated geometry is present in every.specimen that is tensile tested. 
When a specimen is tensile tested it is secured at both ends with steel clamRS, 
by placing small screws through the clamp and then through the specimen, thus 
securing the specimen across its entire width. 
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5.5 Experimental Results 

5.5.1 Experimental Procedure 

In this study all specimens were type 316 stainless steel and were solution 
annealed at 1000° C for one hour, and electropolished to electron transparency 
for 400 kV electrons. The specimens were then tensile tested in an HVEM under 
three different conditions: 1) unirradiated, tested at room temperature {4 
specimens tested), 2) unirradiated, tested at 400° C (3 specimens tested), and 
3) neutron irradiated at the LLL RTN~ II faciiity (total fiuence ~ 1 x 1022 

n/m2) and tested at room temperature (1 specimen). It should be noted that 
all unirradiated specimens were electropolished in the same batch at the 
University of Virginia, while the neutron irradiated specimens were electro­
polished at ORNL. 

5.5.2 Load vs. Elongation 

Quantitative load and elongation measurements have been taken from each speci­
men tensile tested by the apparatus previously described and have been com­
piled to produce load vs. elongation curves for each specimen condition. The 
load vs. elongation curves are shown in Figure 3 where the shaded regions in 
the unirradiated graphs represent rine standard deviation of the data. It 
should be noticed that the data for the unirradiated specimens is closely 
spaced, indicating that the original cross-sectional area of these specimens 
are very close which suggests that the consistency of the electropolish from 
sample to sample is good. Because of the reproducibility of the data obtained 
from the unirradiated specimens, it is believed that it is meaningful to make 
a comparison between the curves of the unirradiated specimens and the one 
curve produced by the RTNS II specimen, even though the cross-sectional area 
may be different from that of the unirradiated specimens. 

The ~esultant load vs. elongation curves and the specimen•s load bearing capa­

bilities depend on the cross-sectional area of the specimen. In order to 
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Figure 3. 
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b) 40oo·t Unirradiated, and c) R. T. RTNS II (neutron irradiated to 
~ 1 x 1022 njm2) specimens. 
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measure this area several specimens were observed in an SEM. In the unirradi­
ated case, cross-sectional areas wer.e determined by observing specimens after 
failure as well as a non-tensile tested specimen that was cut in h~lf by a 
razor blade. Each method deforms the specimen from its original state but 
yields a way of comparing cross-sections. The cross-sections agreed to within 
1% with each other. The cross-sectional area of the neutron irradiated speci­
men was determined by using the already.tensile tested specimen and was found 
to be 15% greater than that of the unirradiated specim~ns. 

' 
After obtaining cross-sectional areas it is possible to calculate ultimate 
tensile strengths (UTS) and yield strengths (YS) for the micro-tensil~ speci­
mens and compare them to the actepted values for bulk specimens. The per­
tinent values are shown in Table 1. 

TABLE 1 

Comparison of the Mechanical Properties of HVEM and Bulk Tensile Specimens 

Cross-sectional Elongation Maximum Experimental Foil Bulk(lO) 
Area to Failure Load UTS YS UTS YS 

Specimen # tested (x 10- 2 mm2 ) (~m) (kg) (MPa) (~1Pa) (MPaj (MPa) 

R. T, 
Unirradiated 4 245 ± 7 0.99 ± 0.07 220 ± 20 ~7 540 240 

4.38 r----
400° c 

Unirradiated 3 133 ± 12 0.83 ± 0.05 190 ± 10 120 460 120 
r----

R. T. 
neutron 

Irradiated 1 5.04 200 1:46 200 190 --- 350* 
.___ 

*Calculated from (11). 

5.6 Discussion 

A quantitative comparison of the mechanical properties of small and large 
specimens encounters many difficulties; however, several features of the data 
are apparent. There is a high degree of similarity between each of the load..: 
elongatior curves for equivalent specimens tested under equivalent conditions. 
The reproducibility of the experiment suggests that there are no uncontro 11 ed 
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variable~. The significant differences between the curves for the different 
groups of specimens suggests that the variables which are being controlled 
have a pronounced effect and hence should permit a correlation to be made 
between the microscopic crack propagation behavior and the data from load­
elongation curves. 

The effect of neutron irradiation by 14-MeV neutrons to a fluence of 1022 m- 2 

increases the room temperature yield stress of bulk specimens by 110 MPa. (ll) 
The increase measured for the room temperature yield stress of the HVEM speci­
mens was 97 MPa. While these relative values show agreement between bulk and 
HVEM specimens the absolute values are not in agreement. Similarly the change 
in elongation to fracture with neutron irradiation in the HVEM specimens is. 
consisterit with that measured in the bulk specimens. 

From the above results one can .reasonably expect that when quantitative mech­
anical property comparisons are made among HVEM specimens subjected to various 
irradiation conditions, these comparisons should semi-quantitatively reflect 
bulk specimen data. Because of this agreement between HVE~1 and bulk specimens 
a more valid correlation between microstructural behavior and mechanical prop­
erties may be made particularly with regard to flow localization mechanisms. 

5.7 Conclusions 

1. From load-elongation curves obtained from HVEM ribbon specimens 40 ~m 
thick by 2.5 mm wide and 12.5 mm long, it is possible to obtain reproducible 
data on such mechanical properties as tensile strength, yield strength and 
total elongation. 

2. Relative changes in the measured mechanical pr~perties agree with tests on 
bulk specimens; however, absolute values agree less well with those from bulk 

specimens. 

3. Video recordings of crack propagation characteristics may be obtained from 
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the thin regions of the specimen and correlated to the load-eJongation curves. 

6.0 ·Future Work 

The above techniques for obtaining quantitative mechanical properties of rib­
bon specimens tensile tested in the HVEM will be applied to type 316 stainless 
steel specimens which haye been neutron irradiated. Correlations between 
crack propagation characteristics and mechanical properties obtained simul­
taneously from the same specimen will be made in order to better understand 
the mechanisms of flow localization. 
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MECHANICAL BEHAVIOR EVALUATION USING THE MINIATURIZED DISK BEND TEST 
M. P: Manahan, A. S. Argon, and 0. K. Harling (Massachusetts Institute of 

·Technology) 

1.0 Objective 

The purpose of this research has been to develop test techniques ·capable of 
extracting postirradiation mechanical behavior information from disk-shaped 
specimens no larger than those used for Transmission Electron Microscopy. 

2.0 Summary 

1) A new Miniaturized Disk Bend Test (MDBT) has been designt;!d, constructed 
and is being developed for postirradiation determination of mechanical be­
havior. This new test is potentially capable of _determining most of the me­
chanical property information needed to screen alloys in the postirradiated 
state. 

2) Experimenta.l reproducibility has been demonstrated· between room tempera­
ture and 500°C. Various techniques for postirradiation specimen identifica­
tion have been investigated and laser engraving has been shown to be superior 
in general. 

3) A finite element computer model has been developed utilizing a friction­
gap boundary condition to· accurately model the MDBT to convert the experi­
mental central load-deflection curves into stress/strain information. Pre­
liminary results using small strain theory show excellent agreement with 
experimental data: 

3.0 Program 

Title: Alloy Development for Irradiation Performance in Fusion Reactors 
Principal Investigators: 0. K. Harling and N. J. Grant 
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Affiliation: Nuclear Reactor Laboratory and Materials Science and Engineer­
ing Department, Massachusetts Institute of Technology 

4.0 Relevant OAFS Program .Plan Task/Subtask 

Task II.C.7 Effects of Helium and Displacements on Flow 
II.C.8 Effects of Helium and Displacements on Fracture 
II.C.9 Effects of Hydrogen on Fracture 
II.C.lO Effects of Solid Transmutation Products on Fracture Behavior 
II.C.ll Effects of Cascades and Flux on Flow 
II.C.l2 Effects of Cycling on Flow and Fracture 
II.C.l3 Effects of Helium and Displacements on Crack Initiation and 

Propagation 
II.C.l5 Effect of Near Surface Damage on Fatigue 
II.C.l9 Comparison of~ Situ and Postirradiation Fracture Behavior 

5.0 Accomplishments and Status 

5.1 Introduction 

There exist many promising advanced alloy systems for possible Controlled 
Thermonuclear Reactor applications and, of course, within each system myriads .. · 
of thermomechanical treatments and processing conditions can be developed. 
The mechanical behavior of prime candidates from each of these alloy systems 
needs to be readily determined in the postirradiated state in a timely and 
cost effective fashion. To this end, a Miniaturized Disk Bend Test (MDBT) is 
being developed, which is potentially capable of deter~ining fro~ biaxial 
measurements: 

1. plastic stress/strain response 
2. d IJC t i 1 i ty 

3; stress relaxation behavior 
4. creep response 
5. creep ductility 
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6. S-N fatigue response 
7. ductile/brittle transition temperature 

Disk-shaped specimens are used which are no larger than those used for Trans­

mission Electron Microscopy (TEM). In addition, information on cyclic be­
havior could be obtained by use of the standard low cycle fatigue formalisms 
using information from the tensile response of the material, or directly via 
measurements using the MDBT procedure to generate S-N curves. In the MDBT 
measurement~ the stress field is biaxial, and the analytical modeling of the 
experiment accounts for multiaxial stress states. Therefore it is readily 
possible using the MDBT to report biaxial behavior as well as referencing 
back to the more conventional uniaxial behavior. 

Thus, outside of fracture toughness, the MDBT could potentially provide most 
of the mechanical behavior information desired to screen many alloy systems 
in the postirradiated state. There are two principal conceptual innovations 

present in the MDBT. The first innovation is to use bending to extract me­
chanical behavior information from a very small sample as opposed to the mot'e 
standard approach of using uniaxial tensile loading requiring gripping exten­
sions. The second innovation is the use of the finite element method to ex­

tract useful engineering information from the experimental data. While the 
former innovation has been suggested and used also by others( 1- 3•5) with 

analytical modeling, the latter was first proposed by Manahan and Argon( 4) 

and derives its motivation from the impression creep and impression fatigue 
tests d~scribed by Li and coworkers(6-B). 

The determination of a stress/strain curve from a pure bending test, using 
analytical expressions, was first reported by Herbert(l) for cast iron bars. 
More recently, Crocker( 2) has obtained stress/strain information for large 

deflections and plastic strains using a three point rotary bend test. He 

uses the same analytical expressions as Herbert and implements a progressive 
reconstruction technique to transfer the moment-angle measurements into a 
stress/strain relationship. Stelson et_ ~· (3) have used an adaptive control­

ler to measure force and displacement during brakeforming to estimate 
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workpiece parameters with a microcomputer, which are then used in an analyti­
cal elastic-plastic material model to predict correct final punch position. 
Although these earlier developments have been useful, particularly in the 
metals-forming industry, they are not readily adaptable to postirradiation 
mechanical behavior testing because of large size and awkward loading configu­
ration. For this application we have proposed earlier(4) a simply supported 
miniaturized disk of the size of TEM specimens, which we have now developed· 
much further. We are aware that a similar specimen and loading configuration 
to provide for ductility screening has also be~n under development at the 
Hanford Engineering Development Laboratory (HEDL), using small strain analyti­
cal expressions(5). The advantage of the finite element method for data in­
version that we are developing is that it permits the extraction of both 
plastic resistance and creep resistance from the raw data in addition to the 
information on ductility from irradiated samples exhibiting moderate to large 
levels of strain to fracture and with a minimum of material. Recent progress 
on the task of generating stress/strain and ductility information using the 
MDBT will be reported in Sections 5.3-5.5. Section 5.2 provides a brief dis­
cussion of the experimental approach taken. The reader is referred to 
References 4 and 9 for further details. 

5.2 Experimental Approach 

In the MDBT the simply supported ~isk is centrallyloajed. The specimen disk, 
which has dimensions of 3.0 mm x 0.25 mm, rests in a cylindrical die and the 
alumina punch presses the disk into the cavity as shown schematically in 
Figure 1. 

The actual test apparatus has been adapted to an Instron 1331 servo-hydraulic 
machine with environmental chamber and ir1duction furnace as shown schemati-

·cally in Figure 2. During the test, either the applied load of the punch vs 
time under constant impression velocity, or the punch displacement vs time 
under constant applied load are measured. Deflections are measured external 
to the environmental chamber with MTS axial extensometers (Type 632.12}. The 
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FIGURE 1. Schematic of Miniaturized Disk Bend Test Showing Simply Supported 
Central Loading. 
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FIGURE 2. Miniaturized Disk Bend Test Experimental Configuration. 
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maximum error in deflection measurement over the entire calibrated range is 
0.00254 mm. A water cooled load cell using semi-conductor strain gauges pro­
vides accurate load measurement. The maximum error in load measurement over 
the entire ·calibrated range is 6.67 N. The water cooling eliminates any 
apparent strain effects due to temperature drifts. The load cell is placed 
in the environmental chamber to eliminate effects due to frictional forces 
at the upper bellows seal. 

The test apparatus is shown .in Figure 3 in exploded view. Most interfaces in 
the load train are prestresseo to. rniniriize nonlinear contact forces. High 
density alumina was chosen for the punch and die material because of its 
large compressive strength, good wear resistance, and low thermal conductiv­
ity compared with the steel specimens. Invar was chosen for the load train 
material because its low thermal expansion coefficient matches that of the 
strain gauges and thus essentially eliminates apparent strain effects from 
temperature variations. The positioning washer ahd upper disk support struc­
ture were fabricated from 304SS to provide some thermal expansion and thus 
maintain simply supported conditions at elevated temperatures~ Since the 
compression rods are water cooled, heat loss via conduction through them is 
reduced by ,using ceramic washers in the load train. A suction operated han-

'· 
dling system has been designed to facilitate radioactive specimen handling 
and positioning. 

The MDBT has been designed to operate at elevated temperatures. There are 
two thermocouples (TC) permanently attached to the upper disk support struc­
ture; one for control, and one for recording .. For calibration purposes, a 
small diam~ter TC was silver soldered to the disk and the temperature cali­
brated with the permanent control TC, which is located in the upper disk sup­
port structure. With the present design of the MDBT apparatus, testing is 
currently carried out in an inert gas atmosphere after the environmental 
chamber has been pumped down and flushed several times. 
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FIGURE 3. Miniaturized Disk Bend Test Apparatus. 

5.3 . Experimental Reproducibility 

Experimental Reproducibility for ten separate tests at room temperature is 
shown in Figure 4. The tested material was 316SS with 20% cold work (C~J). 1 

This material was chosen because the mechanical behavior has been well 

1Material obtained 
87210; HEDL N-LOT. 
Powell, and Dr. M. 

from HEDL in rolled sheet 0.348 mm thick; heat designation 
For this we are grateful to Dr. J. Straalsund, Dr. R. W. 

Paxton. 
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characterized and should serve as a good validation of the MDBT. The speci­

mens were stamped from rolled sheet to a diameter of 3.0 ± 0.0076 mm and sub­

sequently precision lapped to a thickness of 0.254 ± 0.00254 mm. 

Alignment of the punch and die as well as specimen centering are critical 
since disk stiffness increases with eccentricity of loading. There are two 

basic contributions to total eccentricity which are of prime importance: 1) 
punch axis of symmetry not coincident with die axis of symmetry, and 2) design 

tolerances for die, positioning washer, upper disk support structure, and 
specimen outer diameter. The former eccentricity has been r~duced by using a 

precision alignment fixture, and the latter, by careful experimentation and by 
accurate machining of key components. The total eccentricity of loading was 
measured and found to be approximately 0.0178 mm for all the curves in Fig. 4. 

For this eccentricity, the central load-deflection curves for the ten tests 

fell within a band th~t is only 1.8% of the mean along the entire curve. An 
earlier reproducibility investigation with a total eccentricity of approxi­

mately 0.0635 mm was reported in Ref. 9 for room temperature on ten samples of 

the same material. In this case, the reproducibility band was 3.0~ of the 

mean along the entire curve. 

The central load:deflection reproducibility is as good as or better than that 

normally attainable in conventional m~chanical behavior testing of materials 

from a given heat. The American Society for Testing and Materials (ASTM) is 
developing quantitative estimates of the precision and accuracy of the methods 
set forth in Standard E8, "Tension Testing of Metallic Materials"(lO). The 

ASTM currently advises that statements on accuracy should be limited to the 

documented performance of particular laboratories. Ref. -11 reports axial ten­

sile data for Fast Test Reactor prototypic fuel cladding lots. Nine tests at 

room temperature were reported for the N-LOT material. For purposes of com­

parison with MDBT data, 95% confidence limits, assuming a normal distribution, 

were calculated for the 0.2% yield stress and the engineering Ultimate Tensile 

Strength (UTS) from the data in Ref. 11. The confidence limits were found to 

be ± 1.75% of the mean for the 0.2% yield stress, and ± 0.95% of the mean for 

the UTS. Likewise, 95% confidence limits for the load response were calculated 
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using the MDBT data in Fig. 4 for a central deflection of 0.76 mm. The confi­
dence limits in this case were found to be ± 0.52% of the mean. Work is cur­
rently underway to determine the accuracy of the finite element model in con­
verting the experimental data into stress/strain information. 

The reproducibility for 500°C tests is shown in Fig. 5 for the same material. 
This material has been shown to have negligible strain rate dependence at this 
temperature(l 2) for strain rates in the range of lo- 5sec- 1 to 10 sec-1 and, 
therefore, a convenient punch velocity of. 4.23 x l0-3 mm/sec was chosen.· This 
velocity corresponds to a strain rate of approximately l0-3sec- 1. The total 
eccentricity was approximately 0.178 mm, and the five central load-deflection 
curves all fell within.l .4% of the mean along the entire curve. Experimental 
reproducibility in general has been judged to be quite good and total eccen­
tricities of less than 0.0254 mm are achievable in practice and produce errors 
in test results which are comparable to or less than other ex~erimental and 
analytical modeling uncertainties. 

Demonstration ·of elevated temperature reproducibility is, of course, of prime 
importance since all experimental, geometric and material variables contribute 
to the .data spread. In particular, grain size effects can be quite limiting 
for ~iniaturized samples. However, this is not the case for the MDBT as evi­
denced by the reproduci bi 1 i ty curves. Two of the reproduci bi 1 i ty samples in 
the pre- and post-bent state were sectioned, polished, and examined using a 
Bausch and Lomb optical research metallograph. There were approximately six 
grains through the thickness and approximately 70 grains across the diameter 
for the N-LOT material. Considering that about 10. grains probably represents 
a lower limit to achieve continuum behavior, it is clear that in ·the through 
thickness direction this is not the case. However, the stress components and 
the plastic strains that lead to fracture are approximately tangent to the 
curvature throughou,t the deformation. Therefore, the number of grains across 
the di~n~ter is more important than the number through the thickness. This 
is one· of the main reasons why this loading configuration was chosen. For 
materials with smaller grain sizes, such as those produced by rapid solidifi­
cation, these considerations are of even less concern since, in general, con­
tinuum behavior through the thickness is achieved there as well. 
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5.4 Specimen Identification Study 

Since the MDBT is being develope~ primarily for postirradiation·applications, 
it is imperative that a metho.d of identifying specimens without altering the 
kinematic response be investigated. A second criterion to be considered is 
that the identification characteristic be visible on remote closed circuit 
television cameras for hot cell sorting of the samples. Three methodiof 
identification have been investigated: 1) radial slitting,. 2) stylus en­
graving and 3) laser engraving.· 

5.4.1 Radial Slitting 

Three radial. slits 0.254 mm wide were cut through the thickness on the·o~ter 
specimen edge approxiamtely 0.254 mm apart. The radial depths of the slits 
for a given spP.r.imen were 0.254 mm and 0.127 mm respectively. The latter 
radial depth js just visible in remote cameras in normal practice. The 
former radi.a 1 depth was chosen because it is the 1 ength of the portion of the 
specimen whic.h initially rests on the flat part of the die in the MDBT. The 

'; ., 

specimens were fabricated from 316SS with 20% CW (N-LOT) and tested at room 
temperature. In both cases the central load-deflection curves fell below the 
reproducibility band for the same material, as shown in Figure 6. The removal 
of material from the outer edge results in a decrease in plate stiffness. No 
cracks were found near the slits. This method of identification has been 
abandoned for all future irradiations. 

5.4.2. Stylus/Laser Engr~v i ug 

An alternative method of specimen identification is to engrave alphanumeric 
characters on one or both specimen surfaces. Stylus engraving ploughs the 
material and leave~ ·a track with a material lip protruding above the specimen 
surface. Laser engraving exfoliates the material by ablation ·and also leaves 
a track with a protruding 1 i p.. We can quantify these processes somewhat by 
measur·ing the height of the lip from the specimen surface, the width of the 
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track at the specimen surface, and the depth of the track from the specimen 
surface. Table I lists meas4rements of these parameters for the three speci­
men groups examined. The measurements were made using an optical" depth 
micrometer .. Group 1 was engraved by hand at M.I.T. and the tracks were rela­
tively shallow and narrow. Tests .on N-LOT material at room temperature were 
performed on specimens with one and two side~ engraved and the central load­
deflection curves were found to be within the reproducibility band for this 
material, as shown in Figure 6. 

Group 2 specimens were prepared at Hanford Engineering and Development Labora­
t~ry (HEDL) 1 and were stylus engraved. The tracks were one sided and·rela­
tively wide and deep. These specimen dimensions were 3 mm x 0.31750 mm and 
the materi~l was N-LOT. The c~ntral load-deflection curves for the engraved 
samples were found to be quite different from the unengraved samples.at room 
tempe1·aturc and at 500°C, as c;hown in Figure 7. 

2 •... 

Group 3 J_pecimens, having the same dimensions as those of Group 2, were also 
. . . 

prepared and laser engraved on one side at HEDL. The central load-deflection 
curves for. ~the engraved and unengraved Group 3 samples were found to be within 
expected reproducibility bands for room temperature and 500°C. 

In summary,,_stylus engraving is in general acceptable provided the c~aracter 
tracks are .relatively narrow and shallow. Wid~ and deep tracks cause a plate 
s"tiffne~s reduction. However, one-sided laser engraving is somewhat more de­
sirable because the exfoliated lip hei_ght is greater than the lip obtained by 

., 
s~hallow stylus tracks and is therefore more visible for hot cell sorting after 
irradiation. 

~:5 Finite Element Modeling 

The finite element analysis of the MDBT data is essential for the conversion 
of the experimentally determined central load-deflection curve to stress/ 
strain information. In order to accurately analyze this highly nonlinear 

1we are grateful to Dr. D. Peter$On for specimen preparation. 
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TABLE I 
STYLUS/LASER-ENGRAVED PARAMETER MEASUREMENTS 

1 2 
~p Stylus Stylus . 

. Enqraved Enqraved 
(mm) (in) (mm) (in) 

' 
;. 

Character height from . 0.0038f:. 0.00015- 0.0127- 0.0005-
.. 

'0.0008 s·pecimen surface 0.00762 0.0003 0.02032 
. ' .. 

Track width.at speci- 0.0254-· 0.001- 0.127- 0.005-
ll)en surface 0.0762 ·o.oo3 0.254 0.010 

.); 

Track depth from speci- 0.00381- 0.00015 0.0127- 0.0005-
nien surfa\=e .. 0 .·01 016 0.0004 0.03302 0.0013 

3 
Laser 

Enqraved 
(mm) (in) 

0.03048- 0.0012-
0.04572 0.0018 

0.02032- 0.0008-
0.02794 0.0011 

0.00254- 0.0001-
0.00508 0.0002 

·' 

boundary v,alue problem with shifting contact~, a model to reproduce the '·fric­
tional coht~ct has been developed for the support(l 3). A similar model iwith 
the addit-Ional boundary condition of punch velocity has also been c;ievelooped. 
There is experimental evidence that suggests that at the center of loading the 
specimen may separate from the punch and leave only an annular sectio~ in con­
tact for a punch tip radius of 0.508 mm. In all experiments Lisi'ng this size· 
punch, the specimen was stuck on the punch tip after large plastic strains . 

.. · 
In addition~ fr~~ture has been observed to occur at ~ radial location of ap-
p·roximately':0.254 mm for 302SS shim stock. This is due to the fact thQt the 
punch tip is of finite radius and causes an abrupt change in specimen curva­
ture at this location~ Thus, it is anticipated that the friction-gap model, 
applied at the support and also at the punch, will prove essential in accu­
rately predicting the specimen curvature as a function of central deflection 
and also in predicting the fracture location. Further experimental evidence 
illustrating the importance of accurately modeling the punch boundary condi­
tion is shown in Figure 8, where the punch tip radius is varied while all 

other experimental variables are held constant. 

97 



1.0 
(0 

1779.20 

1601.28 

1423.36 

z 124:5.44 -
0 

~ 1067.~2 
.J 

.J 
~ 
0::889.60 
t-
z 
w 
0 

0 
711.68 

w 
.J 

t ~33.76 
< 

3~~.84 

177.92 

(I) ROOM TEMPEP.ATURE 
PUNCH RADIUS a 0.762 mm (0.030 In) 

(2) DISK TEMPERATURE • ~oo• C 
PUNCH RADIUS •0.762 mm (0.030 In) 

(3) ROOM TEMPERATURE 
PUNCH RADIUS •0.508 mm (0.020 In) 
AVERAGE OF TEN TESTS 

(4) DISK TEMPERATURE • 500° C 
PUNCH RADIUS• 0.508mm (0.0201n) 

(In) 

316 ss 20 cy. cw 
HEDL N-lOT -s 
VELOCITY •: 4.23 x 10 ~ 

( In 
O.OIO;nrnl 

FIGURE 8. Miniaturized Disk Bend Test Results for Two Different Punch Radii. 

,. 
280.-v ., 

r 

0 ,.. 
z 

200.~ 
J> r 

160. b 
J> o· -120. ~ 

·- 40. 



The ABAQUS(l 4 ) computer code was chosen for this modeling application because 

of its superior nonlinear capabilities arid the fact that it already contains 

a simple two body single node frictional-gap model applicable to Cartesian 

space. The code uses classical Colomb friction with a stiffness in stick 

method to aid convergence. This simple model can be used as a basic building 

block to accurately represent multiple node friction contact boundary condi­

tions for essentially any geometry by t.he introduction of the shadow node con­

cept that helps monitor the region of contact between a ·rigid support .and a 
.. 

deforming structure in contact with it. The details of this finite element 

development will be presented in future reports and papers. It will· suffice 

h~re to state that the multipoint constraint equations due to·such sliding 

contacts have been incorporated into the ABAQUS program as subroutines. 

The validity of the MDBT must be demonstrated for a material with well charac­

terized tensile properties before it can be safely used in practice. The N­

LOT material was chosen for this purpose. Of course, once this is ac~9:m­
pl?ished, the MDBT can be used to determine mechanical behavior. The kriown 

·.: 

tensile properties of the N-LOT material were used as code input. The prob-

lem at hand, therefore, reduces to that of generating the central load.: 

deflection curve using the finite element method.· Preliminary finite element 

results are_ shown in Figure 9. Twenty eight-noded two dimensional axisymetric 

continuum elements were used for this analysis and the punch and die friction­

gap models ~ere implemented. Multilinear hardening was used. The small 

strain theory in ABAQUS-3 was used and is valid up to approximately 5% strain. 

It was foun.d that significant portions of the plate had exceeded 5% strain for 

central deflections less than 0.254 mm. It is obvious that finite strain 

theory is necessary to ~nalyze materials with modera.te to large ductility. 

Work is currently underway to implement the finite strain version of ABAQUS. 

Also, the ~onvergen~e parameters were quite generous for the results shown in 

Figure 9. Nevertheless, the agreement of.the finite element mod~l with the 

experimental data is shown ~o be quite .. good. It is antici_pat_ed th_at further· 

mesh refinement, tighter convergence parameters, and finite strain modeling 

will enable analytical model prediction of the entire experimental curve. 
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The deformed configuration of half the plate superimposed on the undefonn~d 

configuration is shown in Figure 10 for a central deflection of 0.254 mm. The 

model predicts separation of the punch and plate at the center when the punch 

displacement is 0.0762 mm. Figure 11 presents strain contours in the un­

deformed configuration corresponding to a central deflection of 0.254 mm. 
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7.0 Future Work 

Finite strain theory will be implemented .in the analytical modeHng and the 
results compared with experimental data for.the N-LOT material. Once the 
validity of the MDBT is demonstrated, the method will be applied to irradi~ 
ated samples to determine their tensile behavior. 

\ 

8.0 Publications 

Annual Report of Alloy Development for Irradiation Performance in Fusion 
Reactors, by M.I.T. Project Staff, Alloy Development Project, 0. K. Harling 
and N. J. Gr~nt, Co-Principal Investigators, September 1979-September 1980, 
Report No. MITNRL-006 and DOE/ER-10107-1, December 1980. 

M. P. Manahan, A. S. Argon and 0. K. Harling, 11 The Development of a Mini­
aturized Disk Bend Test for the Determination of Postirradiation Mechanical 
Properties, 11 presented at the Second Topical Meeting on Fusion Reactor Materi­
als, August 9-12, 1981, Seattle, Washington, and to be published in a special 
topical report of the J. of Nucl. Mater. 

103 



AN APPROACH TO SMALL SCALE DUCTILITY TESTS 

M. Dooley, G. E. Lucas, J. w. Sheckherd (University of California, 

Santa Barbara) 

1.0 Objective 

The purpose of this aspect of the program is to develop test techniques to 

extract mechanical property information from small volume specimens either 

being used or planned for use in neutron irradiation experiments for the 

fusion materials development program. 

2.0 Sununary 

A study was undertaken to. investigate the ·potential applicability of a 

bulge test for extracting ductility information from small, thin sheet 

specimens. A bulge testing apparatus was fabricated and used to test to 

failure 13 different materials under balanced biaxial tension~ Uniaxial 

tensile data were also obtained for these materials. The bulge test w~s 

found to be useful in characterizing plastic instability and in evaluating 

a ductile failure parameter. 

3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor 

Materials Development 

Principal Investigators: G.R. Odette and G.E. Lucas 

Affiliation: University of California, Santa Barbara 
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4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical Properties 

Subtask C Correlation Methodology 

5.0 Accomplishments and Status 

5.1 Introduction 

Ne~~ term devices which are (or will be) available to provide high energy 

neutron irradiation environments for the fusion materials development 

program have, by their nature, somewhat limited test volumes. A need. 

therefore exists to develop small volume specimens and the test techniques 

necessary to extract both microstructural and mechanical property 

information from them. One such test is a ductility test. 

Quantitatively, ductility has numerous definitions which has, at times, 

to some ambiguity in discussions of ductility. However, 

qualitatively, ductility is taken as the ability of a material to 

plastically deform without failing. Changes in ductility with neutron 

irradiation are of particular interest to the fusion materials program for 

several reasons. Ductility has some engineering significance for 

structural design. Moreover, ductility is sensitive to certain 

microstr-uctural features, especially small second phase particles and 

extended defects; thus ductility changes· can be used to monitor 

microstructural and microchemical evolution. Finally, ductility 

parameters may serve as important input to fracture correlation-models and 

failure criteria [ 1 ] 

In addition to the standard tensile test a number of techniques have been 

developed to measure ductility. Many of these have been developed in 

conjunction with the sheet metal forming industry to address the question 

ofstr.ess state effects. Such tests include the hydraulic bulge test [
2

] 

sheet stretching over hemispherical punches [ 3 ] the Swift [ 4 1, Fukui [5 ] 
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and Marciniak 
[6] 

cup tests, sheet bend tests [l] and p~nch tests [Bl. 

More recently a disc bend test has been developed to assess the relative 

ductility of irradiated TEM discs [g] In addition, a considerable 

literature has evolved to address the question, of interpr~ting the data 

generated in these tests in terms of a metal's ability to deform and its 

susceptibility to fail under multiaxial stresses. 

Of the tests developed, sheet stretching over a hemispherical punch -­

referred to here as a bulge test -- has received the most attention, both 

analytically and experimentally. Consequently, this study was undertaken 

to assess 1) the adequacy of existing theories and analyses for extracting 

from the bulge test information pertinent to the fusion materials 

development program and 2) the potential for scaling the bulge test down 

to TEM disc-type specimens. 

5.2 Background 

From a review of existing theories and analyses of the bulge test, it is 

evident that the bulge test may be generally useful in characterizing two 

types of phenomena which affect ductility; namely, plastic instability and 

failure. Ty-pically, plastic deformation prior to failure consists 

initially of uniform deformation after which plastic instability results 

in some nonuniform thinning, 

this necking may be diffuse 

or necking, 

or localized 
-

of the sample. The nature of 
[3] 

Specifically, then, the 

bulge test may be useful in characterizing 1) the onset and nature of the 

plastic instability and 2) the magnitude of the local plastic deformation 

prior to failure under a specific biaxial stress state. More importantly, 

however, the possibility exists to use the bulge data in conjunction with 

instability or failure criteria to predict these phenomena for a general 

state of stress. 

The criterion for plastic instability is still under debate although the 

picture is improving. Considere [ 10] originally proposed an instability 

criterion which was later generalized by Keeler and Backofen [
3

] to 
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piedict both localized and diffuse necking for uniaxial and biaxial stress 

states. Although their theory predicted that localized necking would not 

occur for balanced biaxial tension, such necking was observed 

expe-rimentally [
6
]; and considerable theoretical and experimental work to 

d. t d h" h d [6,11,12] [13] un ers an t ~s as ensue . Most recently, Ghosh ahd Ghosh 

and Hecker [ 14 ] have proposed that the onset of diffuse and localized 

necking 'occurs in the bulge test as the result of the particular strain 

and strain rate d:lstributions which arise from imposed geometric and 

frictional constraints and not as a consequence of some existing or 

imposed inhomogeneity in the sample. The theory, supported by 

experiments, may be applied to predict the onset of local plastic 

instability if the strain history of the specimen can be predicted, and if 

the constitutive equation of the material (specifically the strain 

hardenability and strain rate sensitivity) is known. This may be compli­

cated, however, .by the stress state dependence of strain hardening[ 12 ]. 

As · in the· case of plastic instability, a number of criteria have been 

pr.oposed to· describe ductile failure in thin sheets and thus to predict 

the ·total strain to failure under various stress states. Included in 

these failure criteria are such continuum mechanics relations as the 
[15] (7] 

"maximum shear stress" , "maximum volume strain" , and "maximum 

tensil~ work'' [
16

] rules, as well as criteri~ based on the micromechanisms 

of ductile fracture, such as the shear linking or coalescence of voids 
[ 17, 1.8] 

In general, these theories Bll predict a decrease in the total 

strain to ·failure with increasing hydrostatic tension. However, there' 

seems to be conflicting evidence about the applicability and usefulness of 

thes·e theories, especially with respect to bulge testing of ·thin sheet 

samples. 

To further evaluate existing instability and failure criteria and to 

ev,luate the scalability of the bulge test itself, a research program was 

initiated in three parts. The first part of the program was directed at­

using "the finite-difference,·finite-element code STEALTH [
19

] to track the 

strain history of the bulge sample. This ·would be quite useful, for 
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instance, in coupling with the plastic instability criterion of Ghosh and 

Hecker [
14

] This aspect of the program is ongoing and is not reported 

here. The second part of the program addressed the usefulness of several 

ductile failure criteria in predicting failure for planar stress states ·by 

means of comparisons between uniaxial and balanced biaxial failure data. 

The third part of the program addressed the scalability of the bulge test 

to small sample sizes. The results of these latter parts of the program 

are described below. 

5.3 Experimental Procedure 

Thirteen metals were selected for testing. These were copper, aluminum, 

yellow brass, mild steel and stainless steel in various metallurgical 

conditions ranging from highly cold-worked to recrystallized. All metals 

were obtained as sheet stock 0.51mm or 0.64mm in thickness . 

. For baseline data, tensile tests were performed on flat tensile specimens 

with a gage section 2. 54cm · long x 0. 635cm wide machined from· the sheet 

stock. A square grid of 0.20mm wide lines spaced l.Omm apart was applied 

to the gage section of each sample by a photoetch/bluing technique. Three 

samples of each material type were tested in. an Instron 1122 testing 

machine at a cross head spee'd of 0.021mm/s. Macroscop1.t &age leuglh 

displacements were determined with a clip gage extensometer. Local grid 

deformations, incl~ding deformations at the failure site, were determined 

along both principa~ axes by measuring the grids directly .with a 

travelling microscope. and by measuring micrographs of the grids. 

Through-thickness strains were measured with a micrometer and by measuring 

micrographs of the sample after it had been sectioned and mounted on its 

side in a metallographic mount. The. data were analyzed to determine K and 
n 

n (in the parabolic hardening relation a = K~ , where a is the flow stress 

at a true plastic strain ~), R (the planar anisotropy. coefficient), the 
t 

uniform tensile strain ~ and the three principal strains a·t failure 
t t. t u 

~f , ~ 2f and f:3f (where 1 = test axis, 2 = width, 3 = thickness 

direction). In all cases, a final localized neck formed which was smaller 

108 



in extent than the grid. Hence £t 
lf 

t was taken as the negative sum of r.
2

f 

and £t A typical tensile sample and its corresponding photomicrographs 
3f 

are shown in Fig. 1. 

Bulge tests were performed on samples large relative to TEM discs to 

facilitate testing and to develop a working understanding of the test 

parameters important for scaling down the sample size. The bulge test 

apparatus, which is shown in Fig. 2, was used in the following way. The 

two plates were used to clamp square samples of various sizes beneath a 

right cylindrical bole in the upper plate and over a tapered hole in the 

bottom plate. The radius of the taper shoulder was 0.635 em, the same as 

the cylindrical hole. The assembly was mounted in an MTS 810 testing 

machine, which \vas used to forr.e a small ram, tipped with a 1.27cm 

diameter steel ball, through the top hole and into the sample. By backing 

Ll~t:: sample with a neoprene sheet, thP srtmpl P could be forced to fail at 

the tip of the ram wher.e the stress state was one of balanced biaxial 

tension. Failure was signaled by a sudden load drop. 

The most important scaling parameters were found to be the ratio of the 

sample width to the hole diameter and the ratio of the sample width to 

thickness. For samples with width-to-thickness ratios below 30 and a 

width-to-hole-diameter ratio less than 3 (i.e., a sample width less than 

4.0 em) there was insufficient material around the edges to keep the 

sample clamped in place during bulging. 

To facilitate strain analysis of bulged samples, a square grid of 0.05 mm 

wide lines spaced 0. 25 mm apart was applied to each specimen by the same 

photoetch/bluing technique used for the tensile samples. Following 

failure the sample was removed and grid deformations analyzed as described 

above. The sample was then sectioned, mounted in a metallographic mouqt 

and photographed, and the specimen thickness as rt function of distance 

from the failure site was measured from the photomicrographs. Unlike the 

tensile tests, there were only two materials for which a localized neck 

formed prior to failure. In these cases the extent of the neck was again 
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FIGURE 1. Photograph of a Gridded Tensile Sample Tested to Failure and the 
Corresponding Photomicrographs of the Grid and Sample Thickness at 
the Failure Site. 

FIGURE 2. Bulge Testing Apparatus. 
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smaller than grid, and 
b 

f1.f was taken as 
1 b [18] 

-"li£:3f . A typical bulged 

specimen and its corresponding photomicrographs are shown in Fig. 3 . 

.'l.4 Results 

Results of the uniaxial tension tests are given in Table 1. Several 

points are notable. Not all the metals exhibited strictly parabolic 

hardening; some instead exhibited a transition in K and n after some 

accumulated strain (e.g., SAl, SA2, SSA3 and SSA4). For these metals the 

values given for K and n are those after the transition. 

In all of the materials the onset of plastic instability appeared to occur 

by the formation of a diffuse neck. In most cases the uniform axial 

strain was approximately equal to the strain hardening exponent, i.e. e _ 

n, in agreement with the criterion of Keeler and Backofen [ 3 ]. For the 

materials SAR, SSAR, SSA1, and SSA2, there was poor agreement with such a 

relationship. This may be largely due to the low ductility and hence 

greater uncertainty in both e and n. 

The results of the biaxial tests are also given in Table 1. Here eb is 
m 

defined as the principal grid strain accumulat.erl prior to failure in grids 

adjacent to the failure site; hence, eb contains both uniform and ditfuse 
m 

neck strains but not the local necking strain. In agreement with earlier 

findings [ 31, the biaxial strains e are all larger than the corresponding 

values of e t. That is , with the suppression of local ueckiug dnd the 
u 

extension of diffuse necking strains in hi axial tests' the macroscopic 

deformation of bulge samples was considerably enhanced over uniaxial 

samples; this was particularly true for the materials exhibiting very 

small values of et (i.e., SAR, SSAR, SSAI and SSA2). 
u 

In all but two of the materials, CUAR and ALAR, £! = £~f' indicating the 
b b 

samples failed without local necking. For CUAR and ALAR em < elf , 

indicating local necking took place prior to failure. These observations 

were consistent with the through-thickness profiles of the bulged samples. 
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FIGURE 3. Photograph of a Gridded Bulge Sample Tested to Failure and the 
Corresponding Photomicrographs of the Grid and Sample Thickness 
at the Failure Site. 

TABLE 1 

TENSILE AND BIAXIAL TEST DATA 

Uniaxial Data Biaxial Data 

Sample K R t t t t b b b n e elf -e2f -e3f £ elf - e3f 
(MPa) u m 

CUAR 352 .28 .52 .310 1. 01 .22 .79 .42 .~2 1. 04 
ALAR 196 .24 . 16 .140 .93 .18 .75 .37 .56 1.11 
BAR 565 .18 .18 .207 .84 . 16 .69 .37 .35 .71 
BAl 550 .19 . 51 .191 .82 .19 .62 .38 .38 .76 
BA2 641 .25 . 92 .225 .76 .19 .57 .35 .37 .73 
SAR 765 .02 3.00 .005 .64 .02 .63 .14 .17 .34 
SAl 513 .16 .45 .217 1.22 .32 . 90 .67 .66 1. 31 
SA2 508 .20 .71 .252 1.38 .37 1. 01 .67 .64 1. 28 
SSAR 2534 .11 . 94 .012 .so .21 .29 .16 .13 .25 
SSAl 1552 .OS .55 - . 01 2 . 47 .11 .36 .13 .11 .22 
SSA2 1410 .06 .12 .015 .53 .OS .43 .18 .21 .41 
SSA3 1636 .34 .60 .404 .93 .31 .62 .49 .45 .90 
SSA4 1436 .17 .78 .270 . 71 .32 .40 .27 .24 .48 
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For example, the sample shown in Fig. 3 failed with no local necking; 

after diffuse necking, failure occurred abruptly by shear. 

These data were used to test the applicability of the failure criteria 

listed earlier, with the exception of the criterion of McClintock [ll], 

for which inclusion size, shape and spacing and microvoid growth rate 

information are required. All the other criteria could be tested with the 

available data by using them to predict a biaxial strain to failure from 

the uniaxial data. 

The . . f Gh h [IS] cr1ter1on o os was the only one which adequately fit the 

data. This failure criterion is based on the linkage of growing 

microvoids when a critical shear stress is achieved in the ma~erial 

between the voids. It is given by 

2 
(1 + CY) cr

1 
= K 

cr 
(1) 

where a = a
2
ta

1
, a

1 
and a

2 
;:; princ::i.pal stresses, and K cr is a material 

parameter which accounts for inclusions and second phase particle size and 

shape distributions and. microvoid growth rates. In theory, if one can 

determine Kcr in one type of test (i.e. 'at one stress state) it can be 

used to predict failure (and failure strains) under· other conditions, 

given a stress state, a constitutive equation, and a flow rule. 

For the paL·ticular case at hand, the hnl ge (bia:~Cial) failure strain 
t 

should be predicted from the uniaxial tension failure strain elf by 

e b;:; [(I+a) 12-P' ~--1n 
lf 2 I+a2-P'a 

u 
. . . 

1 

[

l+P
2+P 1 

p ]2 u u -

2+P' 

113. 

b 
~f 



where: 

P' 2R 
= l+R. 

t t· 
(2) pu = E2/Elf 

[ (l+R) pu + 2R] 
a = [2 + 2R + Rp ] u 

u 

A comparison of the predicted values of E with the observed values is 

shown in Fig. 4 along with the 45° line representing a perfect fit. 

As can be seen the agreement is quite good, indicating the validity of the 

Ghosh criterion for this application. 
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FIGURE 4. Comparison of the Predicted and Measured Values of the Principal 
Strain to Failure in the Bulge Test. 
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5.6 Conclusions 

A co·nsidet:able amount of information has been developed in the literature 

to des crib~ the ·defo~mation and failure of thin metal sheets. Much .. of 

this appears applicable to bulge testing small thin metal sheet samples 

and thus to providing information for the selection of metals to be used 

in thin-walled structures like the first wall of a fusion reactor. There 

are currently analytical and semi-empirical methods of predicting the 

onset of plastic instability in such samples for a variety of planar 

stress states, although the~P. have yet to be tested for irradiated 

material. 

Moreover, the ductile failure criterion of Ghosh appears to be quite 

successf~l ~n correlating uniaxial with biaxial data. 

The bolte test, or some modification of the bulg~ test, is a potentially 

attractive test for extracting ductility information. Although the 

samples and· the punch used in this study were relatively large (4.0cm 

square samples and a 1. 27cm diameter punch), it should be relatively· 

straight-forward to scale this down to smaller sample and punch sizes. 
• I •, 

For example, using the scaling rules determined in this study, bulge 

testing should be feasible with a 0. 75cm x 0. 75cm x . 025cm thick sample 

and a 0.25cm diameter punth. Such a sample would be of thP. order of TEM 

discs in size. Moreover, the test data could be used in conjunction· with 

flow properties obtained either from other tests or from some extension of 

the test itself to determine a failure parameter like K Such a 
cr 

parameter would actually have more utility than some direct measure of· 

ductility sine~ it 1) has a direct microstructural relationship, l) can be 

used to predict ductilities under various strcac states <~ncl ::\) could be 

used in place of ductility as an input parameter for some correlation 

model for fracture. 
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7.0 Future Work 

The c·onipU:ter program STEALTH is being used to model plastic flow in the 

bulge-~ test. Some analytical work will be done with STEALTH before 

attempti are made to sl:ale the bulge test down. In addition the 

inves Ligation of a she;:~r punch test to determine strength and ductility 

idformation is being continued. 

8.0 Publications 

1. M. Dooley, G.E. Lucas, J.W. Sheckherd, "Small Scale Ductility Tests," 
I .. 

to be published in J. Nucl. Mater. as part. of Proceedings of the 

Second Topical Meeting on Fusion Reactor Materials, Seattle, Aug. 

8-12, 1981. 
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AN EVALUATION OF THE APPLICATION OF FRACTURE MECHANICS PROCEDURES 

TO FUSION FIRST WALL STRUCTURES 

G.R. Odette (UC Santa Barbara), R.O. Ritchie (UC Berkeley), P. McConnell 

and W. Server (Fracture Control Corporation) 

1.0 Objective 

The objective of this work is to establish the procedures which will allow 

reliable prediction of conditions leading to the fracture of fusion first 

wall structures. 

2.0 Summary 

An analysis of the application of J integral based elastic-plastic 

fracture mechanics procedures to fusion structures is carried out. Some 

limiting flaw-structure geometries are specified along with estimates of 

upper- and lower-bound service properties of a m~rtensitic stainles' 

steel. Size requirements for J procedures in unconstrained flow 

geometries and for low strain-hardening conc1it.inns reiult in a small rangt:! 

of valid application even for lower-bound properties. In constrained 

deformation geometries, the range of application is extended for 

lower-bound properties. Failure of J procedures is shown to coincide with 

approach to fully plastic fracture, which can be treated partly with 

limit-load or net-section stress criteria. 

3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor 

Materials Development 

Principal Investigators: G.R. Odette and G.E. Lucas 

Affiliation: University of California, Santa Barbara 
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4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask B. Fundamental Mechanical Properties 

5.0 Accomplishments and Status 

5.1 Introduction 

Major problems facing development of fusion power are the limitations in 

the .performance, reliability and service. life of blanket support and 

vaCL!Um b~rrier ·first wall structures. In this paper, a preliminar~ 

assessment is made of one potential failure mode, extension of a 

pre-exi~ting _flaw to leak ur· break conditioni diiP to monotonic applied 

loa<;ls;_ no attempt is m?de to assess fatigue or cyclic crack growth 

failure, although these are likely to be the proximate causes of formation 

of critically sized flaws. 

Fracture mechanics often focusses on the problem of measuring a presumed 

material property, such as toughness, from small, idealized test specimens 

and th~n applying the properties to predict fracture conditions for real 

structures _(1-3). · When the structures are large, some of the basic 

assump~ions of frar.ture mechanics are likely to be reasonably met (e.g., 

plan~-strain and sma)l-scale yielding). In the case of fusion first wall 

structures,· large size scales in the thickness dimension are not 

anticipated. Hence, fracture resistance may not be readily represented by 

a single toughness property and some 11 easily11 computed local stress 

characte_rizing parameter, e.g. the lineal' elastic stress intensity factor 

K .. 

Of course,. size is only one of a 'number of considerations which confound 

fr.acture analysis. In general, there are: complex multiaxial stress-
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states and stress gradients; non-standard three-dimensional flaw 

geometries; complex load histories; variable structure compliance/ 

secondary stresses; and non-ideal constitutive behavior. Further, the 

microstructure, hence mechanical properties, of fusion alloys will evolve 

in service due to neutron irradiation and other environmental factors. 

The most appropriate high energy neutron irradiation test facilities will 

have very limited volumes requiring the use of small test specimens; this 

compounds the normal difficulty of both remote radioactive specimen 

testing and interpretation of test data. 

Thus it is important to ascertain if approaches such as elastic-plastic 

fracture mechanics, will b'e app 1 i cab 1 e for mat:eri a 1 and structura 1 

conditions, and fracture modes pertinent to fusion systems. We begin with 

a brief review of fracture mechanics, emphasizing constraints implicit in 

its application; while the results we present are not new, some are recent 

and not widely appreciated by the metallurgical community. 

5.2 Formal Fracture Mechanics Methods 

Fracture mechanics is based on the presumption that a fundamental material 

property (i.e., toughness) can represent the fracture response of a 

material to a uniquely determined stress-strain field in the fracture 

process zone in the vicinity of a flaw. There are several basic 

assumptions implicit in obtaining unique fields, primarily related to size 

and geometry requirements needed to constrain the deformation.· 

In the case of Linear Elastic Fracture Mechanics (LEFM), the test specimen 

or structure is loaded grossly only fn the linear elastit. regime. Here an 

elastic 1 K1 field surrounds and dominates a small plastic region which 

inevitably forms ahead of the crack. For LEFM conditions, unique 

stress-strain fields can be defined for limiting states of plane stress 

and strain; the amplitudes of these fields are uniquely defined by K. Any 

process in the fracture zone is controlled by deformation in the elastic 
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1 K1 field, resulting in a critical value of the applied K for extension of 

the crack in the process zone 

at the critical 

- viz. 

stress 

fracture. 

intensity 

From a microscopic 

KI C, 1 oca 1 fracture perspective, 

stress/strain criteria are. reached over a microstructurally significant 
distance. 

The major advantage of LEFM is that applied K values are readily computed 

from expressions contained in handbooks. However, the major limitation of 

the application of LEFM procedures are size requirements for 1 K1 field 

dominance (4); since these sizes are generally much larger than critical 

fusion structure dimensions (< 1 em) we will not pursue analysis of LEFM 

approaches further. 

In lower strength materials the size of the plastic zone increases and may 

grow to the point where large scale yielding occurs before fracture, 

intersecting the boundari.es of the specimen or structure. In this case, 

the stress-s.train fields may or may not be uniquely definable by a single 

calculable parameter which is a function of the remote load and the test 

specimen or flawed structure geometry. Rice (5), Rice and Rosengren (6), 

and Hutchinson (7) have shown that, based on certain assumptions, a new 

fie 1 d characterizing parameter, J, can define the sea 1 ar amp 1 i tude of a 

unique stress-strain field in the intensely deformed process zone near the 

crack. These dre commonly referred to as HRR fields (after Hutchinson (7) 

and Rice and Rosengren (6)). The crack driving characteriting parameter 

J* is a function of the remote stresses, crack length, external 

dimensions,. yield stress and strain-hardening; crack extension in 

plane~strain mode I initiates at a uniquely defined Jic' 

* J is sometimes interpreted as d generalized energy release rate 
ca 1 cul a ted by means of a path independent integra 1. J reduces to J = G = 
K (1-v )/E (where E is Young•s Modulus and v Poisson•s Ratio) in the. 
elastic limit (1-3). We also note that J is directly related to other 
elastic-~lastic fracture parameters, notably crack tip opening 
displacement. 
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The assumptions used ·in this analysis include: 

1) constitutive behavior ·which can be represented reasonably by 

deformation theory plasticity or non-linear elasticity; this implies 

monotonic increasing and proportional loading (i.e., stress is uniquely 

determined by the existing strain); 2) finite strain hardening; 3) smooth 

crack blun~ing as the initially sharp crack opens; 4) independence of the 

specific flow .field geometry or, equivalently, sufficiently constrained 

deformation with a HRR singularity dominance. Further, there is an 

implicit assumption that J values (like other param.eters used. as crack 

driving forces, e.g. K) can be calculated for pertinent structure and 

crack geometries. 

Assumptions 2 and 4 are particularly significant. Consider two limiting 

slip field lines in Figure 1. Figure 1a shows the fields associated with 

a specimen with an applied bending· moment (e.g. a compact tension 

specimen, CT) where the deformation is constrained; in this case the 

stress-state is highly triaxial with a hydrostatic/flow stress ratio of 

2.4 for rigid-perfectly plastic behavior. In contrast, Figure 1b shows 

the· unconstrained deformation field for a center crack panel (CCP) of 

finite width; here deformation may be characterized by large shear strains 

'localized in inclined bands. These bands extend long distances and may 

intersect freely displacing surfaces.· In this case the deformation fields 

are .not unique. The maximum stress triaxiality is < 1 for such fields, 

and the crack tips often tend to be sharp vertices formed by alternate 

sliding off and on slip bands. The stress state, the tendency to localize 

deformation (which is influenced by strain-hardening), and the shape of 

crack tips are all known to be important factors in the micromechanisms of 

fracture in the process zone (8). 

These effects have been investigated recently by a number of authors 

(8-11) using. both experimental and analytical (i.e. finite element) 

techniques. The clear conclusion of this work is that there are also size 

limitations to the measurement and application of J dominated crack 
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FIGURE 1. Slip Field.Lines for (a) Highly Constrained Deformation of High 
· Triaxiality and (b) Unconstrained Deformation and Low Triaxiality. 
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' 

initiation which vary with the basic characteristics of the gross 

deformation field. 

For-constrained (e.g., CT) field type cracks it is suggested that (11) 

(1a) 

while for unconstrained geometry (e.g., CCP) (11) 

(1b) 

Hancock and Cowling have carried out a convincing set of experiments which 

demonstrate these points in quenched and tempered steels similar to HY80 

(8). ·Using six specimen geometries with varyin_g degrees of constraint, 

they found nominal Jic values ranging from - 147 to 570 kN-m in spite of 

the fact that the specimens generally met the generally accepted size 

requirements of Equation 1a. • 

In both cases, the thickness must be B > a,b to maintain plane-strain if 

that is desired. . The state of plane-stress can be approached in the 

specimens with B < a, b, but this may not be asymptotically determinate; 

indeed, if the specimen becomes too thin, fracture may shift to a type III 

anti p 1 ane shear mode with 1 ower toughness va 1 ues. Largely because of 

primary application to large structures, plane-stress J analysis 

procedures are not yet developed. 

With respect to the other assumptions: low strain-hardening and in the 

limit perfectly plastic behavior formally preclude application of J based 

elastic-plastic fracture theory (3,8-11); however, in practice, low 

strain-hardening may ·not severely limit J application to bend type 

geometries. In contrast, the CCP type geometries, size requirements have 
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been found to be very sensitive to strain-hardening; indeed, the size 

requirement for J dominance in Equation 1b assumes low strain-hardening (n 
n 

~ 0.1 for crt a et where crt is the true flow stress and e the true 

strain); however, this might not be sufficient for even more perfectly 

plastic materials. The significance of the monotonic loading requirement 

lies primarily in the fact that since unloading inevitably follows crack 

growth, Jic procedures cannot be directly used to characterize continued 

crack extension. In reality, ductile materials often display, a very 

rapidly rising JR resistance to continued crack extension, viz. - stable 

crack growth. Hence, initiation values may be a conservative measure of 

the actual fracture load or displacement. Paris (12,13) and others have 

suggested this can be treated using another possible material property, 

the tearing modulus T a dJR/da, when the stable growth of the crack is 

J-control1ed. u~l::! of T introduce!; new •ize and !JP.Ometry considerations 

(3) and may not be very useful since it is limited to small crack growth 

(<6%); and dJR/da may be small for irradiated steels (14). 

Finally, even if we can accurately characterize Jic (or T) as a material 

parameter, we must also be able to calculate JI (applied) as a valid crack 

driving characterizing parameter for the flawed fusion structure. In 

this case the formal definition of JI as a path independent energy 

integral must usually be invoked (5). Calculation of JI is not trivial; 

i ndP.ed, this has not been carried out for many important crack-structure 

geometries. However, estimation procedures which combine elastic and 

fully plastic solutions (obtainable from approximate analytic or finite 

element calculations) which are characterized in terms of the yield 

stress, work hardening exponent and specimen-flaw geometry have been 

systematically develUJJI::!d in handbook format for~ number of standard 

specimen geometries (15); these general approaches may be extended to 

conditions pertinent to fusion structures, but this would require 

considerable effort. 
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5.3 Fusion Structures and Material Properties 

It is necessary to specify flaw-structure geometries and some basic 

material properties. Of course, these must be viewed as tentative, since 

an irradiated materials property base is just now being developed* and 

fusion reactor designs are, at best, schematic. 

' In the most genera 1 sense, flaw geometries might be expected to be part 

through surface, cracks; such flaws would probably be subject to a range 

of primary and secondary stresses with both tensile and bending moment 

components. The magnitude and character of the stresses would vary with 

time due to dimensional changes resulting from swelling and irradiation 

creep and various programmed and accidental transients. Few J solutions 

for such surface part through cracks are available at this time, even for 

simple loading conditions. Further, the critical small dimension of 

fusion structures will probably be ~2-10 mm. Hen~e. we consider the two 

limiting deformation field geometries shown in Figure 1 for both 

plane-stress and plane-strain stress states to bracket important regimes 

of flaw geometry with respect to deformation constraint and stress-state. 

We will assume the structure is made of HT-9, which is a quenched and 

tempered martensitic stainless steel. Estimates of the yield strength, 

ay, and toughness Kic (=.JJicE/(1-u)), of HT-9 are shown in Figure 2. 

These curves are constructed from limited data from several sources 

(16-19). The irradiated curves are for •saturated• properties of steels 

irradiated to moderate fluences T < 400°C: While not highly· accurate, 

these might represent reasonable upper and lower bounds of the in-service 

* Indeed, because it · is 
in-service conditions, and 
specific alloy condition, 
approximate representation 
component. 

essentially impossible to simulate actual 
s i nee properties . are very sensitive to the 
any test data base 'must be considered an 
of the actual material state of a fusion 
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behavior of alloys in early fusion engineering test reactors or improved 

alloys subject to more aggressive conditions in commerical reactors. 

Irradiation also causes a large reduction in the strain-hardening and 

ductility parameters, particularly uniform elongation (20). This is 

accompanied by a microscopic reduction in the homogeneity of slip -- viz. 

severe 1 oca 1 i zat ion of deformation in coarse bands, known as channe 1 s. 

The ultimate manifestation of this termed channel fracture has been 

observed in some highly irradiated stainless steels; here, the 

deformation is almost entirely confined to very narrow bands (<1~m) 

resulting in essentially zero duct i1 ity and a britt 1 e fracture surface 

appearance (21). Hence, while we will not quantitatively define these 

parameters, it will be assumed that the strain-hardening exponent and 

uniform ductility will be less than~ 0.1. 

5.4 Evaluation of Fracture Mechanics Procedures 

Equations 1a and 1b can be used to determine size requirements for J 

controlled fracture in fusion structures. We assulllP. the condition a • b, 

hence the minimum dimension will be t = 2a. Figure 3 shows the required t 

for J dominance, (i.e., valid J 1c) for both M = 50 and 200, i.e., for 

highly constrained and unconstrained deformation fields, respectively. 

Note again that the use of ·M = 200 may be somewhat conservative for 

unirradiated upper bound type properties and not sufficiently conservative 

for very low strain-hardening irradiated alloys. 

Upper-bound properties (unirradiated), even Jlc approaches, would be 

limited to use for low temperature and constrained flow field cases. For 

the lower-bound toughness properties (irradiated) Jlc based fracture 

analysis would appear to be useful over range of temperature for the 

·constrained flow fields; however, for unconstrained flow fields, the 

applicability of J procedures may be limited to fairly low temperatures, 

even with the degraded properties. 
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Fracture stresses estimated using Jic criteria outside the range of valid 

application will generally be conservative; that is, actual fracture will 

occur at limit loads by fully-plastic collapse governed by the s~rength 

level and constraint factors. A semi-quantitative assessment of this can 

be made using on~ of the several procedures (22-27) (all implicitly based 

on simplified crack tip strip yield models (26)) ~hich interpolate between 

elastic LEFM fracture and fully plastic collapse. For a plane-stress CCP 

type crack-loading geometry, these yield an expression in the form 

where 

0 N 2 -1 -1 
-- = n cos {exp (-A)} (1 - a/t) 
cry 

A = 1 
a 

(2a) 

(2b) 

and where uN Is the net section stress at fracture. Application of the 

results of Smith (27) show that the effects of finite width are small in 

these geometries. 

If we assume fully plastic fracture occurs at crN/cr > 0. 9 (large A) and 

brittle fracture at crN/cr ~ 0.6 (small A), the temperature/thickness 

regimes of various fracture modes (plastic, elastic-plastic, fully 

plastic) can be mapped. Inserting appropriate values, we find that even 

in the case of lower-bound properties there is essentially no significant 
I 

regime of elastic fracture; and a very limited regime, at T < 100°C and 

t ~ 2 mm, which would exhibit ela.stic-plastic fracture.. Smith has also 

shown that the net section fraction stress is only weakly geometry 

dependent in the fully-plastic case (28). 
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While the basic model does not strictly apply to constrained deformation 

field geometries and plane-strain conditions, expressions of the form of 

Equation 2 have been widely applied to interpolate fracture between modes 

in these cases; at least in simple test specimen geometries these 

procedures have met some success (23-26). For constrained flow geometries 

a must be multiplied· by a constraint factor, M; typical values of Mare~ 
y 

2 in CT type geometries. Figure 4 shows a t-T frac~ure regime map for M = 

2 and a/t = 0. 5 (the results are only weakly dependent on a/t). These 

results suggest that for constrained flow geometries while there is still 

a major T-t regime of fully-plastic fracture, there is also a potentially 

significant· regime of elastic-plastic fracture. The dashed 1 ine in Figure 

4 shows the size requirement for application of Jlc fracture criteria 

which are met in the elastic-plastic fracture regime. 

ESTIMATED SIZE CRITERIA FOR 
J CONTROLLED FRACTURE: M =50 

ELASTIC 

ELASTIC·PLASTIC· 

E 
E 5 

FULL Y·PLASTIC 

00~~------~-----------~-~--------~---------~ 
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TEMPERATURE, °C 

FIGURE 4 Estimated Fracture Regimes for Constrained Deformation Fie 1 d 
Geometries. 
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Thus, fracture in relatively thin fusion structures may take place 

predominantly by plastic collapse. Our analysis also showed that fracture 

stresses for the irradiated condition always exceed tne tensile yield 

stress of the unirradiated condition in t-T regimes of practical interest. 

Hence, unirradiated strength levels may be a useful and conservative 

design parameter. 

5.5 Summary and Conclusions 

Our analysis has shown a limited region of structural applicability for 
' elastic-plastic J procedures. These limits are primarily associated with 

the potentially low strain-hardening capacity of irradiated steels coupled 

with the possibility of unconstrained deformation fields, e.g. the type 

formed in center-cracked-panels with finite widths. Other problems 

include: analysis of short or shallow cracks; treating possible 

stress-states other than plane-strain; and calculating J crack driving 

parameters for actual structures, viz. - part-through cracks. Indeed it 

has yet to be demonstrated that crack initiation or stable growth can be 

predicted for the complex GOnditions encountered in structure~ from 

conventioncU laboratory test specimens (29). 

There is a regime in which one would anticipate fully-plastic collapse; in 

this case, limit load analysis might be sufficient and relatively easily 

applied (30). However, while secondary stresses should not contribute 

significantly to fracture in the fully plastic regime, they must be 

considered in treating elastic-plastic fracture (25). Even in the 

fully plastic regime the question of ductility in deformation or 

displacement controlled fracture remains. In this case, accurate fracture 

predictions would require appropriate measures of 11 ductility 11
, - viz., 

test procedures which provide a proper interaction between macroscopic and 

micromechanical deformation and fracture processes. Simple tensile 

ductility parameters are probably not sufficient. 
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Two approaches to ascertaining more useful duct i 1 i ty parameters might be 

considered. One is to 

flaw-structure geometries 

attempt to 

pertinent to 

simulate directly 

fusion components 1n 

1 i.mit i ng 

suitably 

conditioned non-standard specimens. The second is to conduct more 

fundamenta 1 studies of the mi cromechani cs of fracture as a function of 

microstructure, stress-state and macroscopic deformation ·path (31). Of 

course, Jlc measurements of fracture with well-characterized crack tip 

fields are very valuable in this regard. Since the micromechanisms of 

deformation and fracture in highly irradiated alloys are likely to be 

atypical (e.g. phenomena such as flow localization and even channel 

fracture), better understanding may be important to 1 ong-term efforts to 

develop more accurate methods of predicting performance limits of fusion 

structures and better alloys to extend these limits. 
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7.0 Future Work 

Experiments are being designed to test the predictions of this analysis, 

with emphasis on the behavior of part-through cracks. 

8.0 · Publications 

The content work was presented at the Second Topi ca 1 Meeting on Fusion 

Reactor Materials, Seattle, Washington, August 9-12, 1981 and will be 

included in the Proceedings of that Conference. 
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A FATIGUE TEST FOR SPECIMENS FROM S'IMUL TANEOUSLY ION-BOMBARDED AND STRESS/ 
TEMPERATURE-CYCLED 316 SS PRESS URI ZED TUBES 
G. Kohse and ·o. K. Harling (Massachusetts Institute of Technology) 

1 .0 Objective 

The objective of this study is to understand and quantify the effects of near 
surface damage and implanted gas on the performance of the fusion reactor 
first wall. 

2.0 Summary 

A fatigue test to supplement information gained from microscopic analysis of 
simultaneously ion-bombarded and stress/temperature cycled 316SS pressurized 
tube specimens has been developed. This will allow testing of a larger .number 
of fatigue specimens from each irradiated tube. Using unirradiated specimens, 
a viable approach with load controlled to produce stresses of approximately 
95% of yield with R ~ 0.05 and a frequency of 20-50 HZ has been established. 

3.0 Program 

Title: Effects of Near Surface Damage and Helium on the Performance of the 
First Wall 

Principal Investigator: 0. K. Harling 
Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute of Technology 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task II .C.5 Effects of Cycling on Microstructure 
II.C.8 Effects of Helium and Displacement on Fracture 
II.C.l2 Effects of Cycling on Flow and Fracture 
II.C.l3 · Effects of Helium and Displacement on Crack Initiation and 

Propagation 
II.C.l5 Effects of Near Surface Damage on Fatigue 
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5.0 Accomplishments and Status 

5.1 Introduction 

The aims, procedures and initial results of the scoping experiment have been 
described in previous OAFS reports and elsewhere(l, 2,3). Briefly, pressurized 

tube specimens are irradiated in the M.I.T. research reactor, surrounded by a 
lOs film to provide ion bombardment from 10 B{n,a) 7Li. The temperature of the 
specimens is cycled, which produces a concurrent stress cycle in the sample 
walls. Previous work has centered on microscopic analysis of sample surfaces 
and cross-sections to determine whether or not the ion-bombarded surface layer 

enhances the initiation of possibly fatal fatigue cracks. The pressurized 
tubes are not cycled to failure in the reactor due to the relatively long 
cycle period (-3.5 min). A postirradiation fatigue test has therefore been 
developed to supplement the microscopic investigation of the evolution of the 
ion-bombarded surfaces, and possible crack initiation under cyclic conditions. 
T_he establishment of a suitable test method is described in this report. 

5.2 Test Development 

·The primary constraints on .the postirradiation test are: 1) that it be sensi­
tive 'to the presence of short cracks on the outer surface of the samples; 2) 
that it provide as many samples as possible from each test capsule; 3) that it 
not supplant the microscopic investigation; and 4) that it be adaptable to the 
techniques necessary for the handling of radioactive specimens without damage 
to the highly embrittled ion-bombarded surface. It is also desirable that the 
test preserve the .range of data available from each pressurized t~be specimen 
as a result of the varying wall thickness, which produces a range of stresses 
along the sample axis (see Figure 1). In other words, it should be possible 
to fatigue test to failure a section from any axial position on the tube. 

The test which has been designed me~ts all these criteria and utilizes equip­
ment which has been developed under the ADIP program at the M.I.T. Nuclear 
Reactor Laboratory for the Miniaturized Disk Bend Test (MDBT). (4) Essentially, 
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this equipment consists of an Instron 1331 servohydraulic testing machine 
equipped with a low-load (0-150 lb) load cell and fixtures for holding a punch 
and die. In the standard MDBT, the punch and die are both axisymmetric, with 

the punch acting on the center of a 3 mm disk supported around the edges (see 
Ref. 4). The configuration of the punch and die for the current test is shown 
in Figure 2a. Samples are sections cut from the rings indicated in Figure 1, 
and the test therefore involves three point bending of a small curved beam 
with dimensions dependent on the segment of the initial sample tube from which 
it is cut. A typical fatigue specimen is shown in Figure 2b. 

Developmental testing has been carried out- using both the 3 mm disks and mini­

ature 11 beamS. 11 The test configuration permits loading in one direction only, 

and tests are therefore performed in a load regime where plastic deformations 
are small. Stable control can be maintained with the current equipment at 
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test frequencies up to 50 HZ, in both stroke control and load control modes. 
The te~t·~arameters which have been established on nonradioactive specimens 
indicate a test at 20-50HZ, with maximum stress of approximately 95% of the 
yield stress and R ~ 0.05. As currently planned the test will be carried 
out in load control and the maximum stroke will be monitored to detect fail-
ure. 
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7.0 Future Work 

Testing of specimens cut from the four pressurized tubes described in Refer­
ence 3 will commence immediately following the necessary modifications for 
routine testing of radioactive specimens. Two of these specimens were ion­
bombarded and stress/temperature cycled as described above,, whi 1 e two were 
stress/temperature cycled in a reactor without ion-bombardment. Direct com­
parison between ion-bombarded and non-ion-bombarded specimens of similar 
geometry and thermal and stress history will be undertaken. Twenty to thirty 
specimens are expected to be available from each pressurized tube sample. 

8.0 Publications 

H. Andresen and 0. K. Harling, 11 Fusion Reactor Fi rst-Wa 11 Performance Under 
Ion Bombardment and Cyclic Stresses, 11 invited paper, American Nuclear Society, 
26th Annual Meeting, MGM Grand Hotel, Las Vegas, Nevada, June 8-12, 1980. 

H. Andresen, S. G. DiPietro, G. Kohse and 0. K. Harling, 11 The Behavior of 
Boron Coatings Linder Simultaneous Ion Bombardment and Temperature Cycling," 

paper presented at Second Topical Meeting on Fusion Reactor Materials, Th~ 

Park Hilton, Seattle, Washington; August 9-12, 1981. 

H. Andresen, G. Kohse, A. s."Argon and 0. K. Harling, 11 A Seeping Experiment 
To Investi gate.the Effects of Simultaneous Multi -Energy Ion Bombardment, 
Neutron I rradi at ion and Stress/Temperature Cyc 1 i ng on 316SS, 11 paper presented 
at Second Topical Meeting on Fusion Reactor Materials, The Park Hilton, 
Seattle, Washington, August 9-12, 1981. 
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FISSION FUSION CORRELATIONS FOR SWELLING AND MICROSTRUCTURE IN STAINLESS 

STEELS: EFFECT OF THE HELIUM TO DISPLACEMENT PER ATOM RATIO 

G.R. Odette (U.C. - Santa Barbara), P.M. Maziasz (Oak Ridge National 

Laboratory) and J.A. Spitznagel (Westinghouse Research and Development 

Center) 

1.0 Objective 

The objective of this work is to review the data base on the influence of 

helium on microstructural evolution in charged particle and neutron 

irradiations; and to develop predictive models of the behavior of 

stainless steels at helium to displacement per atom ratios characteristic 

of fusion first wall structures. 

2.0 Summary 

The irradiated fusion materials data base will be initially developed in 

fisson· reactors. Hence, predictions of the in-service performance of 

materials in fusion.reactors must account for the effect of a number of 

variables which. differ between fission and fusion environments. Ideally 

such fi ssi on-fusion carrel at ions should reflect sound mechanistic 

understanding. In this paper we review the effects of the helium ~o 

displacement per atom ratio on microstructural evolution, with emphasis on 

austenitic stainless steels. Charged particle data is analyzed to 

determine mechanistic trends. These results appear to be consistent with 

a more detailed comparison made between data from neutron irradiations of 

type ·316 stainless steel in EBR-11 (low helium) and HFIR (high helium). 

Finally, a model calibrated to the fission reactor data is used to 

extrapolate to fusion connitions. 
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3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusi'on Reactor 

Materials Development 

Principal Investigators: G.R. Odette and G.E. Lucas 

Affiliation: University of California, Santa Barbara 

4.0 Relevant OAFS Program Task/Subtask 

Subtask C Correlation Methodology 

5.0 Accomplishments and Status 

5.1 Introduction 

The irradiation environments in which engineering data can be obtained for 

structural alloys differ from fusion conditions in a vat'iety of poten­

tially important ways. Systematic development of a basis for pt'edicting 

the in.:..service behavior of fusion alloys will requirP: jwiiriol.!s l"Q of 

existing fission reactors; extrapolation of fission data to fusion 

conditions using physically based models; and use of both fission reactors 

and special irradiation facilities to help develop, and ultimately verify, 

correlation procedures. These facilities include high energy neutron 

sources and the dual-ion charged particle irradiation devices (1.2). 

Recently, emphasis has been placed on conditions pertinent to near ·term 

fusion devices; namely low temperatures (< 350°C for which very little 

data exists) and low-to-intermediate exposures (< 60 dpa). Proposed 

alloys include 20% cold-worked (CW) and titanium modified type 316 

austenitic stainless steels (SS), and martensitic stainless steel alloys 

(e.g. HT-9). Correlations for 20% CW type 316 SS have been formulated for 

a number of properties. 

Handbook (3). 

These will be included in the Fusion Materials 
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This paper emphasizes the data base and mechanistic understanding 

pertinent to developing a stress free swelling correlation for this alloy. 

We focus on the effect of only one of the several environmental variables, 

the ratio of he·lium (He) to displacements per atom (dpa), or the He/dpa 

ratio.* Even this narrow exercise demonstrates the challenges to 

developing reliable fission-fusion correlations. 

To begin, however, it is useful to list the environmental variables 

other than temperature, dpa and He/dpa ratio which may be important. 

These include: stress (4); damage rate (4); history effects (4); pulsing 

(5); and neutron spectrum [due to the influence of primary recoil 

distributions (6), solid transmutants (7) and hydrogen (8)]. · Commercial 

stainless steels often have highly heterogeneous microstructures both 

pl"ior to and after irradiation (9). Further, irradiation response is 

sensitive to many metallurgical variables (4,10). Therefore, correlations 

must ultimately be developed for specific alloys, and treat factors which 

lead to heat-to-heat variablity. 

We first review charged-particle studies of helium effects to 

determine trends found in a wide range of metals and alloys for a variety 

of experimental conditions. This demonstrates that helium is an 

important, and in some cases necessary, factor in the formation of 

observable cavities. Increased He/dpa ratios lead to higher cavity 

densities and smaller cavity sizes. The degree of refinement varies with 

the He/dpa ratio in systematic ways, which can be described using simple 

scaling laws. 

The effect of he l i urn on total cavity volume, or swelling, is more 

complex and depends on the coupled behavior of other microstructural 

components as well as other variables. Microstructures which are 

*The He/dpa ratio is always given here in units of atom parts per million 
per displacement per atom. 
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dominated by high densities of cavities, which can be induced by 1 arge 

concentrations of helium, often result in lower swelling and retarded 

precipitation. In contrast, at intermediate cavity densities, associated 

with higher temperatures and/or intermediate helium concentrations, 

enhanced swelling is often observed. 

These results are consistent with rate theory interpretations, and 

indicate the important elements which must be considered in formulation of 

swelling models which incorporate helium effects. These include: helium 

partitioning and inventory calculations; bubble~to-void conversion 

critical radius criteria; and microstructurally complete descriptions of· 

void growth kinetics. In particular, the importance of considering 

concurrent precipitate evolution, and precipitate-cavity association is 

demonstrated. The charged-particle data suggests that helium can 

significantly influence the general character of the microstructure; this 

may vary from cases of dominance of high densities of small matrix bubbles 

to cavity microstructures characterized by large voids attached to 

precipitates. 

These observations guide and strengthen our~nterpretation of limited data 

on neutron irradiations of type 316 SS. This analysis involves a detailed 

comparison of microstructures formed in fast- and mixed-spectrum reactors 

which produce lower and higher concentrations of helium relative to fusion 

conditions, respectively. The trends in the neutron irradiations are very 

similar to the charged-part i c 1 e results. Specifically, the high he 1 i urn 

concentrations produced in mixed spectrum irradiations · ·leads to 

accelerated nucleation of a refined, cavity dominated microstructure. 

This appears to result in earlier swelling at low rates for intermediate 

exposures (< 60 dpa). In contrast, fast reactor irradiations result in 

much lower cavity densities, with large voids attached to precipitates. 

In this case, incubation exposures prior to the onset of swelling are 

large, but the high exposure(> 60 dpa) swelling rates are high. 
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The experi menta 1 observations are used to guide the construction of a 

theoretical model which incorporates the elements noted above. The model 

is calibrated to the neutron irradiation data, and used to interpolate to 

actual fusion He/dpa ratios. The results suggest that environments which 

generate very high and low helium concentrations may not result in 

swelling which brackets behavior in fusion environments. Finally,· this 

analysis should be considered tentative.· The limitations of both the 

current data base and understanding of basic mechanisms are discussed 

briefly. 

5.2 Charged Particle Studies of the Effect of Helium on 

Microstructural Evolution 

Background 

Chal~ged-particle studies using single or multiple beams of high energy 

ions or electrons to implant helium and produce displacement damage 

possess several unique capabilities. In particular, they provide for 

precise and independent control of a number of experimentalvariables (e.g. 

temperature, dpa rate and pulsing) for any materia 1. However, experience 

has shown that these techniques cannot generally directly simulate neutron 

effects; and that a number of critical factors, such as damage rate, must 

be consid~red in interpreting charged-parti~l~ data (11-13). Several 

promising experimenta 1 and theoretical efforts are underway to estab 1 ish 

charged- particle-neutron data correlations (13). However, at this time, 

these techniques are most useful for studying critical mechanisms and 

parameters. Reviews of some of the charged-particle literature have been 

published (6,14). 

Charged-particle studies have been conducted on a wide variety of metals 

and a 11 oys with He/ dpa ratios up to 500, dpa rates from about 2x105 to 

3x103 dpa/s,· and temperatures from about 0.3 to 0.6 of the melting point. 

The genera 1 trends founrl in this data base are grouped into tlwee. broad 
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categories: helium to displacement per atom effects on the size and number 

density of mi crostructura 1 features; sea 1 i ng 1 aws; and consequences to 

cavity volume. Further, the effects of beam history are reviewed briefly. 

We analyse experiments in which helium is preinjected followed by 

charg~d-particle irradiation to generate displacement damage, and dual-ion. 

studies in which simultaneous helium implantation and displacement damage 

is produced using two (or more) particle beams. 

5.2.2 Helium Induced Microstructural Refinement 

Increasing the He/dpa ratio refines the microstructure in the sense of 

causing cavity and loop formation to occur on a finer scale; that is, 

higher number densities and smaller sizes (14-47). Further, helium often 

promotes the formation of bimodal cavity size distributions (14-24). 

Distinct upper limits on the size of the small component of the bimodal 

cavity distributions, which are presumably gas bubbles, is commonly 

observed (15-23). This has important implications with respect to the 

mechanism of void formation which will be discussed in Section 5.4. In 
' 

complex alloys containing precipitates, the balance between matrix 

cavities (usually small) and those associated with precipitates (usually 

large) often. shifts in favor of the small matrix cavities with higher 

He/dpa ratios (17,19,25,26). 

Varying degrees of loop enhancement with helium implantation have been 
w 

reported (1.4,17 ,19,22-24). The effects are more pronounced for 

preinjected than for dual-ion conditions (14,17,19,24) and for·commerical 

type 316 SS compared to a high purity Fe-Ni-Cr model alloy (18,22). 

However, the total dislocation density is relatively insensitive to the 

He/dpa ratio and injection mode (16-19,21-23,27). 

The influence of helium on precipitation has also been studied for some 

stainless steels alloys (17,19,23,26,28,29). Precipitation appears to be 

highly coupled to cavity and loop microstructures. Segregation to these 
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features of solutes such as silicon and nickel, sometimes leading to 

precipitates or precipitate shells, is well established (19,26). In some 

cases, early loop formation appears to set the stage for subsequent phase 

instabilit~ and swelling (19). When cavity and loop microstructures are 

refined, solutes· partition to more sites. This can lead to ·a finer 

distribution and a lower volume fraction of second pha~e 

(17,19,23,26,28,29). These observations are summarized schematically in 

Table 1. 

TABLE 1 

A SCHEMATIC REPRESENTATION OF HELIUM-INDUCED 
MICROSTRUCTURAL REFINEMENT TRENDS OBSERVED IN CHARGED-PARTICLE IRRADIATIONS 

Increa~ing H&/dQa Rnt.jg 
Feature {1) (50) (500) 

Cavity Density N 10-SON 20-100N 
c c c 

Loop Density NL 1-3N 
L 

2-4N 
L 

Network Dislo-
cation Density pd 0.5-2pd 0.5-2pd 

Precipitate v 0.5-1Vp ~o 

Volume Fraction* p 

*Irradiation induced or modified 

The results of a number of studies can be used to quantify the influence 

of the He/dpa ratio on some microstructural features. Such scaling laws 

provide insights into critical mechanisms. Figure 1 shows one example for 

type 304SS dual-ion irradiated at 700°C (23). The total cavity number 

density has· been normalized by dividing by the square root of the helium 

concentration [He] (note that the [He] is proportional to the· helium 

injection rate KHe). The normalized quantity exhibits a small depend~nce 

on the. he:lium injection rate over two orders of magnitude. Thus, the 

cavity density Nc can be crudely related to the helium concentration [He] 
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in terms of a simple power dependence p as 

(1) 

where p ~ 0.5. Such 

observations (19,30,31). 

scaling is consistent with other experimental 

However, some studies suggest different scaling 

dependence. Values of p ~ 0.25 (27,32), 1(22i33) and 2(17,18) have been 

observed. 

Some of these variations may result from inconsistent definitions of what 

constitutes a cavity or failure to resolve small bubbles. However, cavity 

scaling behavior is probably dependent on a number of variables. For 

example, the existing dislocation and precipitate microstructure is 

expected to influence the ba 1 ance between homogeneous and heterogeneous 

nucleation of cavities. Further, cavity densities often decrease at high 

exposures due to void coalescence. The concentration of resi'dual gases, 
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FIGURE 1. The Cavity Density Normalized by Dividing by the Square Root of 
the Helium. Concentration Versus the Helium Injection Rate for a 
700°C Dual-Ion Irradiation of Type 304SS. 
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which .may act as· a surrogate for helium, seems to be an important factor 

(14,34). Finally, the temperat~re and sequence of helium implantat{on are 

significant as discussed below. Scaling laws for loops and precipitates 

have not been.established. 

5.2.3 Consequences of the Refined Microstructure 

Within. the framework of the kinetics of point defect segregation and 

clustering (i.e., rate theory) the major effect of helium on macroscopic 

properties such as cavity swelling is due to perturbed point .defect 

absorbtion I emi~sion balances at sinks. The net effect of increasing the 

He/dpa. ratio on swelling varies depending on the circumstances as 

summarized in Table 2. 

TABLE 2 

THE EFFECT OF INCREASING HE/DPA RATIO ON SWELLING FOUND 
IN CHARGED-PARTICLE IRRADIATIONS 

Effect on Swelling ~R~e~f~e~re~n~c~e~s~--------

Increase 8,22,25,27,28,35-37 

Decrease 16,18,25,30,38,39 

Va~iable* 14,19,27,32,34,40,41 

*Depending on the temperature, exposure and He/dpa ratio. 

The sign and magnitude of swelling ~hanges appears. to depend on. the degree 

of refinement of the microstructure. For example, in ·one dual-ion 

experiment increasing the ~e/dpa ratio frqm 15 · to 50 increases the 

post-incubation swe 11 i ng by a factor of. ~3 at 20 . dpa in a so 1 uti ori 

annealed and aged type 316SS irradiated at 625°C (22). In this case, the 

density of s~all cavities did not change much with increased He/dpa ratio 

an,d the. number of large cavities increased only by a factor of about 3. 

In contrast, in a 700°C dual-ion irradiation of a Fe-Ni-Cr model alloy an 

increase in the He/dpa ratio of 16 to 55 resulted in an increase in cavity 

151 



density by a factor of ~20; swelling decreased by a factor of ....:a at 20 dpa 

(18). Notably, the bimodal cavity size distribution did not continue 

·beyond the incubation regime for the lower He/dpa ratio in this case. 

In part, the complex behavior described above may be due to He/dpa induced 

shifts in the temperature-dependence of swelling as found in a pure 

stainless steel (i.e. a Fe-Ni-Cr-Mo alloy) as illustrated in Figure 2 

(34). Here the temperature of the peak swelling rate is shifted upwards 

with respect to a single-ion bombardment by ~50°K for dual-ion irradiation 

at a He/dpa ratio of 20. Other studies of the temperature-dependence of 

swelling suggest that increased He/dpa ratios decrease swelling below the 

peak temperature (39) and extend swelling to higher temperatures (37). 

However, he 1 i urn induced extent ions of swe 11 i ng to 1 ower temperatures has 

a 1 so been reported ( 37). The effect of he 1 i urn on the swe 11 i ng and 

swelling temperature-dependence is different for preinjection and dual-ion 

conditions (16,17,37). 

Further, simple monotonic changes in swelling as a function of He/dpa 

ratio are not always observed. That is, an increased He/dpa ratio does not 

lead .to a steady increase or decrease in swelling. We cite two examples. 

~ 0 

I!) 
z 
:J 
..J 

~ 0.1 
(/) 

TEMPERATURE,K 

FIGURE 2. The Temperature-Dependence of the Swelling Rate For Single 
and Dual-Ion Irradiations of a Pure Stainless Steel. (32) 
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Figure 3 shows the effect of a dual-ion experiment on a titanium- modified 

type 316SS irradiated to 70 dpa at 625°C at He/dpa ratios of 0, 0.2 and 20 

(19). As indicated in the Figure 3, this alloy is swelling resistant in 

the absence of helium (swelling ~0) . A low He/dpa ratio of ~0.2 provides 

sufficient impetus for the nucleation and rapid growth of cavities 

(?welling ~3.5%). However, raising the He/ dpa ratio to ~20 re sults in 

reduced swelling c~ 1.8%). Perhaps an even more striking example is the 

observation of precipitate and cavity alignment in dual-ion bombarded 

solution annealed type 316SS at 600°C (26) . This phenomenon, which can 

appat'enlly lead to large swelling through rapid coalescence of aligned 

cavities, can be totally suppressed by either increasing or decreasing the 

He/dpa ratio. 

~V/V( % )=0 3.5 1.8 

0 appm He/dpa 0.2 appm He/dpa 20 appm He/dpa 

FIGURE 3. Micrographs Showing the Effect of the He/dpa Ratio on the Micro­
structure of a Titanium-Modified Stainless Steel Dual-Ion Irra­
diated at 62'5 °l. to 70 dpa. ( 19) 
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In general, charged-particle experiments suggest that sma 11 amounts of 

helium promote cavity nucleation and increase cavity volume fractions, 

particularly in swelling resistant alloys. Larger amounts of helium may 

increase cavity and loop densities to the point where swelling is 

retarded. In some cases even more he l i urn may reverse this trend and 

result in increased cavity volume. High cavity and loop densities also 

retard precipitation of nickel and silicon rich phases. 

5.2.4 Beam Scheduling and Rate Dependence 

Microstructural evolution is influenced by the time and temperature 

history of helium implantion. The most extreme case, which also results in 

the most dramatic microstructural differences, is observed for cold 

preinjection (near room temperature) conditions . Such experiments 

generally result in higher cavity and loop densities than are produced by 

dual-ion or hot preinjection (near the temperature at which displacement 

damage is generated) irradiations (16,18,19,24,27,37,41) . There are 

concomitant effects on swelling and precipitation. lndeed, these tend to 

be suppressed by the very high cavity and 1 oop concentrations found in 

some cold preinjection experiments (16,18,19,24,32,39,41). Differences 

between hot preinjection and dual-ion microstructures have also been 

reported (24,29). 

Dual-ion experiments have been used to study the effect of the helium 

implantation schedule (23,42). This is useful for analyzing mixed 

spectrum fission reactor experiments in which there is a time dependent 

He/dpa ratio. The available data indicates that, with one exception, 

those mi crostructura 1 features which are most subject to refinement by 

helium are also most sensitive to beam history. Cavity size 

distributions, interstitial dislocation loops, and precipitation of nickel 

and silicon rich phases all depend on beam history, while the total 

dislocation density is unaffected. The exception, noted above, is total 
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cavity density which appears to be unaffected by beam schedule, despite 

its dependence on the He/dpa ratio (23). 

Several studies of low displacement rate neutron irradiations following 

cold preinjection of various pure metals and alloys have been repor·ted 

(43-47). These results are qualitatively consistent with the high 

di sp 1 acement rate charged-particle data discussed above. Most notably, 

cold preinjection of helium appears to refine cavity and loop microstruc­

tures and usually retards cavity swelling. 

In summary, the charged-particle studies demonstrate both systematic 

trends in th~ response of the microstructure to variations in the He/dpa 

ratio and a well defined sequence of events. However, discussion of the 

mechanistic implications of these results will be deferred to Section 4 to 

permit comparison with the data from mixed and fast spectrum neutron 

irradiations. 

5.3 A Comparison of Type 316 Stainless Steel Irradiated in Fast 

and Mixed Spectrum Reactors 

5.3.1 Background 

Because of the. need for bulk mechanical properties and the limitations of 

charged-particle studies, . fission neutron irradiations will form the 

primary basis for generating engineering data for . fusion a 11 oys. Sub­

stantial information is available on the microstructural response, 

particularly swelling, of austenitic stainless steel alloys in 

fast-spectrum rea,tors such as 

(EBR-Il) (10,48,49). Unfortunately~ 

thP Fxperimental Breeder Reactor-!! 

these environments have 1 ow He/dpa 

ratios of -· 0.35 for stainless steel relative to nominal fusion values of 

- 10 (50). Note, ho~ever, that depending on the position io the blanket 

and details of the reactor design, fusion He/dpa ratios may vary from -1 

to 30. Existing fast reactor ·data is also primarily limited to 

temperatures greater than 370°C. .In contrast, ·mixed-spectrum reactors 
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produce copious amounts ·of helium in nickel bearing alloys by the 

two-stage 58 Ni (nth' y) 59 Ni (nth' a) reaction (50). . In the 

mixed-spectrum High Flux Isotope Reactor (HFIR). the He/dpa ratio· fo:· 

stainless steel containing 13% Nickel is"'· 70 for exposures 9reatet' than 

·10 dpa ($0). Hence, ·the fast-and mixed-spectrum fission envit·onments 

bracket nominal fusion He/dpa ratios. 

The fast reactor data base shows that irradiation induced mict·ostt·uctural 

evolution is sensitive to a number of material variables associated with 

composition and alloy condition (4,10,48,49). Hence, it is important to 

minimize the materi·al as well as irradiation parameter variations in 

comparing fast and mixed spectrum data. Unfortunately, the data available 

for such a comparison consists only of a single heat of type 316 SS in 

both 20% CW and solution-annealed (SA) conditions (51-58). The compositior1 

of this steel, specified as DO Heat, is as follows (weight pet·cent): 

Fe C 

63 .05 

Cr 

18 

Ni 

13 

Mo Mn Si Ti N 

2.6 1.9 .8 .05 .05 

·Note that DO Heat is slig.htly enT'iched in .silicon relative to typical 

breeder $teels (0.8% versus~ 0.5%) (57). 

Direct comparison of even this 1 i mi ted data is confounded by several 

factors which include: 1) a relatively small overlap in dpa and 

temperature; 2) significant uncertainties in temperature and potentiul 

effects of complex temperature histot·ies; 3) a time-dependent He/dpa 

ratio in HFIR increasing from 15 at ~1 dpa and saturating at -70; 4) 

different solid transmutant generation in the two environments; .[For 

example, HFIR produces vanadium~ . 7% and depletes manganese from- 1.9 to 

.9% at 50 dpa (7)]; and 5) characterizing the average micr.oscopic 

behavior and correlating this with bulk p~operties is somewhat uncertain 

for the highly heterogeneous microstructures found in cold-worked 

stainless steels. 
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Probably the most serious problems are items 1, 2 and 4. Only additional 

data· will resolve item 1. With respect to item 2, the previously reported 

temperatures for HFIR are now known to be low by -50-100°C or more. This 

conclusion is primarily based on a revised estimate of gamma heating rates 

(59). Perhaps ·more significantly, a rationalization of observed 

temperature regimes of loop formation, dislocation recovery, 

recrystallization, and precipitation in EBR-11 and HFIR results if the 

HFIR temperatures are increased by -75-100°C. Conversely,· if such 

temperature adjustments are not· assumed, there appear to be 1 arge and 

surprising-differences between HFIR and EBR-11 irradiations for phemomena 

such as recrystalization. 

Therefore, we apply an increase to the HFIR temperatures of 75°C plus 

rounding to the nearest 5'oo'c increment (e. g., the temperature of 460°C was 

shifted to a nominal 550°C). There are residual temperature uncertainties 

in both the HFIR and EBR-11 of -25-50°C. Further, the irradiations were 

not isothermal in all cases. The EBR-11 data is ·assigned· nominal 

temperatures of 520 and 620°C. In order to minimize the impact of the 

un~ertainties in the irradiation temperatures, we compare the EBR-11 data 

with the HFIR data at both adjacent higher and lower nominal temperatures. 

With respect to item· 4, the data presented in Reference 7 suggests a small 

effect of manganese burn-out on swelling in CW type 316 SS in the composi­

tion range transgressed. Further, the generation of vanadium does not 

result in formation of vanadium MC carbides. Thus, we do not feel that 

the solid transniutants should be a major factor in the validity of data 

comparisons. 

The· data presented in this section is primarily taken from References 

51-58. Note, however, that ·the HFIR temperature correction discussed 

above has not been applied in these publications. In addition, some of 

the data is from previously unpub 1 i shed work of one of the authors 

(Maziasz}. 
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5.3.2 Precipitation in the 20% CW Do Heat 

We cannot do justice here to the complex microchemical evolution which 

takes place during irradiation of the 20% CW DO Heat. Table 3 provides a 

brief summary of EBR-II and HFIR data at intermediate exposures of 36 to 

54 dpa.* There appears to be a general similarity in the precipitate 

structure and composition in the two environments. However, HFIR 

irradiations do result in higher densities of second phase particles and, 

in some cases, slightly smaller sizes. In general, the silicon 

concentrations of the phases induced in HFIR are lower than those 

formed in EBR-II and similar to those found in thermally precipitated eta 

and Laves. Further, there is a substantially lower nickel concentration 

in Laves phase formed at 550°C and 42 dpa in HFIR compared to the 

enrichment found at 520°C and 36 dpa in EBR-II. Preliminary measur~ments 

of EBR-II specimens irradiated to 75 dpa at 620°C show a substantial 

nickel enrichment in Laves phase compared to the relatively low 

concentrations found for either 550°C and 54 dpa or 650 and 42 dpa 

irradiations· in HFIR. Laves phase formed by thermal precipitation has a 

1 ow ni eke 1 concentration. However, it can become highly enriched with 

this element under irradiation. Hence, Laves phase is believed to be .a 

good monitor for so 1 ute segregation. Therefore, these differences may 

indicate an effect of the high cavity sink density, formed in HFIR 

irradiationsi minimizing solute segregation induted partitioning of nickel 

and silicon to the precipitates. 

Precipitation is not a steady evolution, particularly in HFIR. ·Rather, it 

can involve marked cycles of precipitation, dissolution and 

reprecipitation, as ·is observed for tau phase in HFIR. These cycles 

appear to be closely coupled to the evolution of the cavity 

microstructure. Garner has proposed that rapid void swelling is largely 

*The precipitate sizes, number densities and volume fractions reported in 
this section are subject to considerable uncertainty. Further, we note 
that Brager and Garner have reported a somewhat different precipitate 
structure for the 20% CW DO Heat for the same irradiation conditions (57). 
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TABLE 3 

A SU~1MARY OF PRECIPITATE STATISTICS FOR HFIR AND EBR-II IRRADIATIONS AT 36 TO 54 DPA 

Spectrum- Temper- Exposure 
(dpa) 

Composition (%) 
Nickel Silicon 

DensijY 
~ 

Size Volume 
Fnction Phase ature (°C) i!!!!!2 Comments 

HFIR-eta 550 54 20 4 10x1o19 50-120 . }14 A thermal phase naturally rich in nickel and 
silicon . Primarily forms on the subgrain 

650 42 30 4 3 100-200 . J12 structure. Has a very higr association with 
bubbles in both environments . Dominant phase 

EBRII-eta 520 36 25 7 3 70- 200 .013 in HFIR at 450°C (0 . 03 volume fraction at 49 
dpa) with a high cavity association . 

620 36 25 7 3 70-250 .016 

HFIR-Laves 550 54 12 5 25 70-400 . 03 Found between the subgra i n s tructure . 
Irradiation induced at 520 to 550°C and 

650 42 7 5 13 90-300 . 043 en~anced in volume fraction at 620 to 650°C 
in both environments. Variable nickel and 

EBRII-Laves 520 36 19 7 4 100-350 .005 silicon composition. Obse rved to be highly 
enriched in nickel at both 520 and 620°C in 

620 36 8 5 3 80-500 . 02 EBR-Il at 70-75 dpa . High association with 
l arge cavities (voids) in EBRI1 and sma 11 
cavities (bubbles) in HFIR. 

Description of Mi nor Phases (< 0. 01 volume fraction) 

Phase Spectrum Comments 

(J 

y' 

t 

HFIR A nickel poor phase found at a volume frac t ion of -. )1 in the form of a relatively low density of large 
particles at E50°C and 42 dpa in HFIR . 

EBR-11 Observed as a small volume fraction ( <. 001) of very large , very sparse particles at 620°C and 36 dpa . 

HFIR A nickel and silicon rich i rradiation induced phase «hich forms only briefly i n HFIR at 450°C at - 10 dpa, 
redissolving at higher exposures. 

EBR-II Observed only at 70 dpa and 520°C at a low vo l ume fract i on ( < 0. 002). 

HFIR A chromium and molybdenum r ich phase which forms early in HFIR at 550°C as blocky particles, but appears 
to dissolve and subsequently reprecipitate as a ver} fine dispersion at 54 dpa; also observed at 650°C 
and 42 dpa. 

EBR- II Observed at a sma 11 vo 1 ume fraction ( <. 005) at 36 tc• 75 dpa at both 520 and 620°C . 

G EBR-II Observed only in EBR-II at 70 dpa and 520°C at a low volume fraction (< . 003). Not observed in HFIR. 



triggered by removal of a critical amount of silicon and nickel from the 

matrix (4). Specifically, he reports that voids generally occur when 

matrix regions are de~leted by precipitation to less than ~10-11% nickel 

as measured by microanalytical procedures . Using this thesis, he has been 

able to rationalize, qualitatively,a number of disparate observations (4). 

However, there are i ndi cations that the overa 11 process may be somewhat 

more complex than this; e.g., mechanisms may also involve the direct 

action of precipitates as nucleation sites. Further, the cavities 

themselves provide sites for solute segregation. 

The micrograph in figure 4 compares regions with ~arying levels of 

precipitation of eta and Laves phases for the EBR-II specimen irradiated 

to 36 dpa at 620°C. It illustrates the highly heterogeneous 

microstructures found in cold-worked stainless steels. Voids form 

preferentially in the less heavily precipitated regions (often on Laves 

particles). However, from mas s-balance considerations of the nickel 

enrichment of the eta phase, and from direct matrix measurements, the void 

free regions are lower in nickel (9.5-11.5%) and the regions containing 

voids are higher in nickel (12-13%). 

FIGURE 4. Micrographs Illustrating the Heterogeneous Precipitate and Cavity 
Microstructure in the 20% CW DO-Heat Irradiated in EBR-II to 
36 dpa at 620°C. 
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Clearly, additional experiments are required to understand the causes and 

consequences of microchemical evolution. Data that can be analysed 

quantitatively in terms of point defect and solute mass balances within 

pertinent local microstructural volumes is critically needed. This 

requires measurements of precipitate volumes and composition, matrix 

composition and the defect statistics. 

Another difference between the two environments is the rate of 

precipitation, which appears to be accelerated in HFIR as illustrated in 

Figure 5. Only the data for a nominal temperature of 620°C for EBR-11 and 

nominal bounding temperatures of 550 and 650°C for HFIR is shown both 

here, and in the following section. In all cases, the results at nominal 

EBR-11 temperature of 520°C (and 450 and 550°C for HFIR) show similar 

trends. We have constructed average trend curves using the convention of 

dashed lines for HFIR and solid lines for EBR-11. Since the HFIR data is 

for a range of temperatures, and because of the uncertainties in the data, 

these curves are only meant to serve as rough guides and to highl iyhL 

similarities or differences between the two environments. Figure 5 shows 

that at ~10 dpa precipitate volume fractions in HFIR are ~ .005 at 550°C 

and ~ . 07 at 650°C. Essentially no second phases are observed in EBR- II 
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FIGURE 5. The Exposure Dependence of the Total Precipitate Volume Fraction 
for the 20% CW DO-Heat Irradiated in HFIR and EBR-II in the 
Temperature Range of 500 to 650°C as Tndicated. 
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at similar exposures at 620°C. At 36 dpa considerable precipitation has 

occurred in both environments. 

5.3.3 Microstructures in the 20% CW DO Heat 

No dislocation loops are observed at exposures greater than 10 dpa and 

above temperatures of 450°C in either environment. The netwot'k 

dislocation density recovers rapidly in both cases, saturating at levels 

of -1 to 2 x 10 14 /m2. 

There is a fundamental difference in the cavity microstructures in HFIR 

and EBR-II. This is illustrated in the micrograph shown in Figure 6. In 

EBR-II (at 36 dpa and 620°C), cavities tend to be heterogeneous and 

larger. The largest (~50% of the large cavities) are found on precipitates 

and they dominate the swelling. In HFIR (at 42 dpa and 650°C) a much 

higher density of smaller cavities form. These are mor'e homogeneous am1 

predominently located in the matrix. 

Figure 7a shows the fluence dependence of the cavity densities . 

Observable cavity formation is accelerated as well ~s greatly enhanced (by 

a factor of - 30) in HFIR. Figure 7a also shows a relatively high density 

(~ 10 14 cm 3 ) of small cavities (- 5-7 nm) in EBR-II at -36 dpa and 620°C. 

Note that for these conditions in EBR-II, there is a trimodal distribution 

of large cavities on precipitates, and both intermediate and small 

cavities in the matrix. It appears that most of the smallest cavities, 

which are probably bubbles at 36 dpa, convert to voids at 75 dpa. 

Figure 7b shows that the average cavity diameters are much smaller in HFIR 

than in EBR-II. Finally, we note the preliminary results of a recent high 

voltage electron microscopy (thick area) study of the EBR-II samples 

irradiated at 70-75 dpa at 520 and 620°C; this wot'k indicates that many 

areas contain a lower density of much larger voids (several hundred nm 

diameters) than reported in Reference (57). Measurement of the deta i 1 ed 

cavity statistics is in progress. 
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FIGURE 6. Micrographs Illustrating the Microstructures Formes in the 20% CW 
DO-Heat of Irrediations in EBR-II to 36 dpa at 620 C (Left) and 
in HFIR at 650 C to 42 dpa (Right). . 
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age Cavity Di~meter in the 20% CW DO-Heat Irrediated in HFIR and 
EBR-II in the Temperature Range of 550 to 650 C as Indicated. 
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5.3.4 Solution Annealed DO Heat Cavity Evolution 

Even less data is available on solution-annealed DO heat. The micrographs 

in Figure 8 compare the cold-worked (CW) and solution-annealed (SA) 

conditions for irradiations in HFIR to 42-54 dpa at 550°C. In contrast to 

the cold-worked condition, the cavities in the SA DO Heat are lower in 

density (a factor of 4-6) and larger in size. The largest are found on 

precipitates. The overall swelling in the solution-annealed condition is 

~8-9% compared to ~2% for the 20% cold-worked alloy. A comparative 

summary of EBR-II and HFIR induced cavity microstructures in the SA DO 

Heat is given in Table 4. 

TABLE 4 

A COMPARISON OF SA DO HEAT CAVITY STATISTICS FOR IRRADIATIONS IN HFIR AND EBR-II 

SPECTRUM HFIR EBR-II 

Temperature (°C) 550 650 520 620 
Exposure (dpa) 42 42 31 36 
Cavity D~ns i ty 140 44 5 .63 
(cm- 3 x10 13 ) (.12) 
Cavity Diameter nm 39 50 49 137 

(3350) 
Swelling (%) 8.8 8.~ .37 1.5 

FIGURE 8. Micrographs Illustrating the Microstructures Formed in HFIR 
Irradiations of SA DO-Heat to 36 dpa at 520°C (Left) and 20% 
CW DO-Heat to 54 dpa at 550°C (Right). 
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5.3.5 Swelling Behavior of the 20% CW DO Heat 

While the analysis of the total microstructure given in the previous· 

sections is useful for improving basic understanding, (including the 

mechanisms of irradiation induced changes in mechanical properties), 

designers require simpler formulations of effects such as swelling. 

Figure 9 shows the EBR-II swelling data at the nominal irradiation 

temperatures of 520 and 620°C along with the bounding HFIR data. Both 

void volume fractions derived from transmission electron microscopy (TEM) 

and. immersion density data are included. Both techniques are believed to 

have relatively large uncertainties. The uncertainties in the TEM· 

measurements primarily derive from the highly heterogeneous 

microstructut~s of cul~-worked ~tainles' stPPls. Immersion density 

uncertainties. are related to the details of the measurement procedures,' 

which have improved significantly in recent years. 

Immersion density data for the MFE Reference Heat of 20%CW type 316 SS, is 

also shown in Figure 9 (60). We have noted the problem of comparing 

different heats of steel. How.ever, the most important dHference between 
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FIGURE 9. A Comparison of Swelling in the 20% CW DO-Heat Irradiated in 
HFIR and ERR-II in the Temperature Range of 450 to 650°C as In 
Indicated. 
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the Reference and DO Heats is probably due to the lower (~ 0.67 versus 

0. 80%) s i 1 icon content in the former. The data in Reference 61 suggests 

this difference should not have a large effect on swelling for the· 

conditions shown in Figure 9. 

Since comparison fs made for the void volume fractions, the immersion 

density swelling values are increased slightly (0.1%) to reflect probable 

densification due to carbide precipitation (57). The trend curves for the 

EBR-II irradiations are constructed us·ing the same bilinear form .and 

curvature parameter recommended for several heats of breeder steels (10). 

However, it is necessary to impose longer incubation ti~es and different 

swelling rates to approximately fit the DO Heat data. The HFIR curves are 

drawn as rough averages of all of the available data. The magnitude of 

swelling in HFIR is reasonably consistent with predicted helium· bubble 

volumes, if .it is assumed that most of the helium partitions to the 

cavities. 

This very limited data suggests that the HFIR irradiations result in more 

swelling than EBR-11 exposures at less than 50 dpa. The swelling in HFIR 

may be primarily due to helium bubbles. Extrapolation of the results to 

above 50 dpa would imply a much lower swelling rate in HFIR than· in 

EBR-11. A plausible physical basis for such behavior is discussed in 

Section 4. However, no high fluence data exists to confirm this 

prediction. Indeed, an alternate position is that additional 

precipitation (and concomitant nickel and silicon removal) will accelerate 

HFIR swelling rates at higher exposures (57). 

Another possible difference between EBR-11 and HFIR irradiations is in the 

temperature-dependence of swelling at low-to-intermediate exposures. 

Figure 10 shows the HFIR data for 7 to 16 and 42 to 60 dpa. Due to the 

limited data, it is not possible to establish the temperature-dependence 

for swe 11 i ng of the DO Heat in EBRI I. He rice, we represent the shape of 

the fast spectrum swelling temperature-dependence using a correlation for 

EBR-II irradiations of several heats of breeder steels (10). While this 
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correlation is directly applicable to only a limited number of heats of 

20% cw type 31655, the existence of swelling peak(s) for fast reactor 

i rradi at ions in the temperature range. from ~450 to . 650°C. appears to be 

generic to commerical stainless steels at exposures less than 60 dpa 

(48,49). Thus, the analysis shown in Figure· 10 suggests a possible 

inversion in the temperature-dependence of swelling. That is, the minimum 
' swelling in HFIR occurs in the range of peak swelling in EBR-11. 

However, the enhancement of swelling for high He/dpa ratios at low 

temperatures· does not appear to be genera 1 , s i nee the 20% CW Reference 

Heat swelling increases monotonically with temperature in HFIR (60). 

Further, we have already noted that little fast reactor swelling data 

exists below 370°C. Conversely, the increase in sw~lling at high 

temperatur·es in HFIR is consistent with a helium bubble mechanism. Thus, 

the existence of· a high temperature enhancement of swelling in HFIR 

appears to be well established. However, more. data is needed to determine 

the temperature-dependenc~ and magnitude of swelling below 400°C in both 

environments. 
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FIGURE 10. The Temperature Dependence of Swelling in the 20% CW DO-Heat 
Irradiated in HFIR in the Range of 350-750°C at the Indicated 
Exposures. The shape of the EBR-II swelling temperature­
dependence from.Reference (10) is shown for comparison. 
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5.3.6 Design Correlations for 20% CW 316 SS 

The practical implications of the present state of understanding to design 

equations is il)ustrated in Figure 11, where two s·welling correlations 

proposed for inclusion in the Fusion Materials Handbook are presented. 

The solid curves, developed by Garner et. al. (62), are based on the 

premise that fast reactor data can reasonably represent stress free 

swelling for fusion environments. This contention is supported by an 

analysis which suggests relatively small swelling differences between 

EBR-II and HFIR. (57). A clear strength of this formulation lies in the 

large amount of data that it represents. 

An alternate position developed by Maziasz and Grossbeck (63) is shown as 

dashed 1 i nes. These curves mode 1 the behavior of the. 20% CW DO Heat in 

HFIR. Note that this requires interpolation between ~350°C and 55°C (no 

swe 11 i ng is observed at 55°C and 10 dpa in HFIR). Further, the high 

fluence behavior is based on extrapolating the low swelling rates found in 

HFIR at intermediate exposures in the temperature range of 450 to 650°C. 

The major advantage of this correlation is that it is derived from an 

environment with a high He/dpa ratio. 
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FIGURE 11. Swelling as a Function of Temperature at Two Exposures Based 
on Two Proposed Correlations for 20% CW SS. The 20% CW DO-Heat 
data for irradiations in HFIR and EBR-II is also shown. 
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There are probable limitations of both representations. At very high and, 

possibly, ·low temperatures, swelling may be underpredicted by the EBR-II 

based corre 1 at ion. The HFI R based curve may underpredi ct swe '11 i ng at 

intermediate temperature and high exposures. Clearly, the two 

corre 1 at ions represent very different types of behavior. Perhaps most 

significantly, neither represents a realistic fusion environment, even ·in 

terms of the He/dpa ratio. 

However, it is important to. maintain some perspective on the practical 

importance of uncertainties in swelling in various fluence and temperature 

regimes. As noted above, near-term fusion devices will probably operate 

at low to intermediate exposures (<60 dpa) as well as at low temperatures , . 

where very l_ittle data is available. Hence, obtaining data for these 

conditions should be the focus of research on existing commerical. alloys. 

Conversely, if high exposures do result in large amounts of swelling in 

cold-worked type 316 steels, then these alloys will- almost surely be 

inadequate for use in higher performance fusion devices. Hence, for these 

applications, emphasis should be placed on developing fission-fusion 

correlations for advanced low-swelling alloys. 

5.4 Mechanisms and Models of the Effect of Helium on the 

Microstructure of Stainless Steel 

5.4.1 Mechanisms Defining the Sequence of Events in Cavity Evolution 

The data reviewed in the previous sections demonstrates a well-defined 

sequence of events.- Further, the similarity in behavior under both 

charged-particle and neutron conditions is strik1ng. The qualitative 

trends in the data ~re consi~tent with mechanisms and models based on rate 

theory. A comprehensive conceptual model has been presented previously 

(64). The elements in this sequence and associated mechanistic 

interpretations are summarized in Table 5. 
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TABLE 5 

ELEMENTS IN THE SEQUENCE OF EVENTS FOUND IN CAVITY EVOLUTION 

EXPERIMENTAL OBSERVATIONS THEORETICAL PREDICTIONS 

OBSERVABLE CAVITY FORMATION 

Tiny cavities form first and grow slowly. They 
are often found on dislocations and precipates. 
Cavity density increa~es· with helium 
concentration as N a [He] , p- 0.5 (0.25-2). 
A population of srliall cavities can persist up 
to high exposures with 1 itt 1 e change in size 
and number density. 

The small cavities are gas bubbles which can 
grow only with the addition of helium. 
Bimolecular kinetics predict a cavity scaling 
exponent of p - 0.5. Helium trapping and 
bubble formation on dislocations and 
precipitates is energetically favored (65). 

BUBBLE TO VOID CONVERSIONS 

Above a c ri t i ca 1 size, d , there is a 
transition to rapid cavity 6rowth which can 
result in bimodal cavity size distributions. 
Based on maximum sinall cavity sizes or helium 
inventory .estimates, d increases with 
increasing temperature an8 decreasing damage 
rate. For temperatures less than 700°C, values 

·of d range from - 3-15 nm in charged particle 
studfes to more than 20 nm in HFIR. 

Bubbles convert to voids above a critical d , 
which increases with increasing temperature a~d 
decreasing damage rate. Calculated values of 
d are in reasonable agreement with experiment. 
O~ly a fraction. of the bubbles may convert, 
leading to bimodal size distributions. 
Incubation exposures reflect the helium 
accumulation required to grow the bubbles to rc 
(66,67,68). 

VOID GROWTH KINETICS AND SWELLING 

Swelling is influenced by the overall 
microstructure, including cavity densities at 
extremely high and low values. In the range of 
low cavity densities (e.g. at low helium 
concentrations and high temperatures) increases 
often tend to enhance swelling. Conversely, at 
very high cavity densities (e.g. at high helium 
concentrations and low temperature) additional 
increases often tend to reduce swelling. 

The observed influence of cavity density on 
swe 11 i ng is cons 1 stent with theory. Very high 
cavity densities can retard swelling due to: 
reduction of lhe effective bias; higher vacancy 
emission rates; and recombination at bubb 1 es. 
Rate theory is qualitatively .consistent with 
most trends in the swelling data, provided 
complete descriptions of the microstructure are 
used (68,69). 

CONCURRENT COUPLED EVOLUTION 

Dislocation loop and network evolution is a 
precursor to cavity and microchemical 
evo 1 uti on. Bubb 1 e- to-void conversions take 
place first and the largest cavities are found 
on precipitates. Irradiation induced micro­
structures are often sites for precipitate 
formation. I.rradi at ion induced or enhanced 
precipitation and swelling may be suppressed by 
cavity dominated microstructures. High 
densities of small matrix cavities can suppress 
void formation on precipitates. 
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Bubbles on precipitates require less helium to 
convert to voids csnd grow more rapidly 
thereafter. So 1 ute dep 1 et ion removes trapping 
sites and may increase effect fve bias. 
Microstructural and microchemical evolutions 
are in principle, highly coupled due to defect 
conservation and solute flows induced by defect 
fluxes as mediated by microstructural sinks. 
For example, at high sink densities solutes may 
partition more uniformly, thereby reducing 
irradiation induced or modified precipitation 
(64). 



There still are very large gaps in our knowledge. Of particular 

significance, is a continuing lack of basic quantitative understanding of: 

helium diffusion and trapping m~chani sms, or the factors which govern 

helium partitioning; quantitative defect-solute mass balances; and the 

thermodynamics and kinetics of the evolution of cavities at small sizes. 

Further, the current analytical m6deling tools are underdeveloped. 

5.4.2 A Model Based Fission-Fusio~ Correlation 

An extended rate theory model developed to treat the effects of the _He/dpa 

ratio on some important aspects of cavity evolution is described elsewhere 

(69). Briefly, the model calculates . the partitioning of helium to· an 

initial distribution of small bubbles. The bubbles grow slowly with the 

addition of helium, but at a critical size become unstable and grow as 

voids. ·The number of size classes which convert to voids (if any) is 

governed' by the cavlty concentrat.i ons, total helium concentration and the 

point defect fluxes as determined by the overall microstructure (bubbles, 

voids, dislocations and subgrain structure). Selection of the 

microstructural parameters (total cavity· densities, subgrain structure, 

and dislocation density) is based on experimental observations. 

Interpolation of total cavity densities to fusion conditions assumes a 

scaling of Nc.a [He] o s 

In order to treat observed void-precipitate association, an effective 

surface energy is used for the EBR-11 calculations. Nominal matrix 

surface energies are used in the calculations for AFIR. We postulate that 

these differences arise because the high density of matrix cavities in 

HFIR prevents the nucleation and rapid growth of voids on precipitates. 

That is, ther·e are two _alternate paths ·of cavity evolution,, namely, 

matrix-dominated or precipitate-associ a ted. . The matrix-dominated path, 

observed·. in HFIR, could be triggered by reductions in helium and excess 

vacancy fluxes at the precipitates resulting fi·om the competing cavity 
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dominated sink structure. Perturbations in the mi crochemi ca 1 evo 1 uti on 
may also contribute to this effect. 

Void growth rates are calculated using standard rate theory equations. 

The mo.del is calibrate(j...to the HFIR and EBR-11 20% CW DO Heat swelling 

data and used to calculate swelling for fusion He/dpa ratios. The results 

of the calibration are illustrated in Figure 12. Of course~ the 

predictions are not unique and, to some degree, depend on the mode 1 

mechanisms and parameters. Nevertheless, this analysis yields some 

interesting qualitative results. 
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Figure 13 shows the predicted swelling in various environments at 600°C. 

The HFIR environment has a slightly higher swelling at low fluences (< 20 

dpa) and a lower steady-state swelling rate up to 80 dpa. · The lower 

swelling rate in HFIR is the result of both the cavity dominated sink 

microstructure and higher vacancy emission rates from smaller matrix 

cavities. lndeed, above 500°C the cavities in HFIR are predicted to be 

near equilibrium bubbles. The model does not tr·eat any high fluence 

microchemical evolution which might occur. The use of time-independent 

model parameters which do not account. ~xplicitly for microchemical 

evolution is clearly approximate (69). 

It is not known· which of the possible paths (matrix-dominated or 

precipitate- associated) of cavity evolution will occur for the 

intermediate fus iun He/dpa ratio. Therefore, calculations are presented 

for both possi bil ites. For th·e precipitate-associ a ted case 15 600°C, 

steady-state swelling rates are similar for fusion and EBR-II conditions. 

However, the fusion He/dpa ratio results in a much lower incubation time, 

hence, significantly higher swelling. For the matrix-dominated case at 

600°C, the incubation time is ·increased, and the steady-state swelling 
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FIGURE 13. A Comparison of Swelling as a Function of Exposure at 500 and 
600°C Predicted for EBR-II, HFIR, and Fusion Irradiations. See 
text for an explanation of the two fusion curves. 

173 



rate is somewhat less than in EBR-11. At exposures greater than 40 dpa 

EBR-II and HFIR swelling bracket the fusion predictions. At 500°C no 

distinction is made between the two paths; the swelling is predicted to be 
highest for the fusion He/dpa ratio, due to a small incubation time and 

relatively high swelling rate (simil.ar to that predicted for the EBR-II 

He/dpa ratio). 

The quantitative results should not be taken too seriously. However, 

ther~ are two important qualitative conclusions. First, there may be 

different paths of cavity evolution; which path is followed is largely 

governed by the He/dpa ratio. Second, that irradiations in available 

fission environments may not result in swelling which brackets behavior at 

intermediate fusion He/dpa ratios. 

While there is no neutron data at intermediate He/dpa ratios, both 

dual-ion and preinjection data are consistent with our conclusions. In 

addition, the rapid swelling of the SA DO Heat in HFIR can be rationalized 

on the basis of the observation of a 1 ower de·ns ity of matrix cavities for 

this condition than found in the 20% CW DO Heat. Similarly, the 

effectiveness of MC carbides in titanium modHied steels, which trap 

helium in the form of a high density of small bubbles, resulting in low 

swelling, support our interpretation (70,71). Finally, we note the 

results of an experiment reported by Gelles and Garner where swelling in a 

region of higher helium concentration ("-/a factor of 3· due to (n,a) 

reactions in a nearby particle containing boron) is compared to matrix 

swelling (72). The alloy was a precipitation strengthened 30%Ni-10%Cr 

steel irradiated in EBR-II at 430°C. At "-35 dpa the higher helium level 

enhances the swelling by a factor of 3-4, primarily by increasing the void 

density. 
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5.5 Summary and Conclusions 

A review of a broad array of charged-particle data and a more limited set 

of fast-and mixed- spectrum reactor neutron data shows that interactions 

between helium and displacement damage can have important system-atic 

effects on several microstructual fea-tures. While increased He/dpa 

ratios almost always increase the number densities of cavities, total 

swelling may be increased, decreased or remain unaffected. For a speCific 

alloy condition, the influence of the He/dpa ratio depends on temperature 

and exposure. In particular, swelling does not appear to be a simple 

monotonic function of the He/dpa ratio. The qualitative path of cavity 

evolution also appears to be influenced by the He/dpa ratio. 

These observations are consistent with a rate theory model and a.postulate 

that high densities of matrix cavities, which can be induced by high 

He/dpa ratios, may supress the formation of large voids on precipitates. 

The theoretical results also suggest non-monotonic swelling changeswith 

increases in the He/dpa ratio, and indicate that the swelling in HFIR and 

EBR-II may not always bracket fusion behavior. 

However, significant gaps remain in detailed understanding of critical 

mechanisms such as helium transport, and the idealized models are far from 

camp 1 ete. The need to deve 1 op interim property corre 1 at ions for fusion 

reactor designers is clearly recognized. However, much more data a·nd a 

much better understanding of the underlying physical processes and their 

interactions will be required before such correlations can be considered 

reliable. 
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Cavity Formation in Single- and Dual-Ion Irradiated HT-9 and HT-9 + 2Ni 
Ferri tic A 11 oys 
G. Ayrault (Argonne National Laboratory) 

1.0 Objective 

The objective of this work is to determine the microstructural evolution, 
during irradiation, of first wall materials with special emphasis. on the 
effects of helium production, displacement damage rates, and temperature. 

2.0 Summary 

Samples of HT-9 and HT-9 + 2Ni ferritic alloys that. were single.- and dual-ion 
irradiated in the temperature range 350-600°C have been inspected by TEM. 
Cavities formed in dual-ion irradiated samples of both alloys at al,l 
irradiation temperatures, but significant bias-driven cavity growth occured 
only at 410 and 470°C. Excess nickel in HT-9 + 2Ni caused swelling 
suppression at 470°C but did not significantly affect swelling a~ 41ooc. 
Single-ion irradiation produced essentially no cavities in either alloy at any 
temperature, showing that helium was essential for cavity nucleation in these 
a 11 oys. 

3.0 Program 

Title: Effects of Irradiation on Fusion Reactor Materials 
Principal Investigator: A. P. L. Turner 
Affiliation: Argonne National Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

·Subtask II.C.2.1 Mobility, Distribution and Bubble Nucleation 
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5.0 Accomplishments and Status 

5.1 Introduction 

Irradiation of nickel-bearing alloys in mixed spectrum reactors produces 
transmutant helium via the two ~tep reaction 

In alloys with sufficiently high nickel concentrations (e.g., austenitic 
alloys) helium production to damage production ratios can reach and exceed 
those expected in a magnetic fusion reactor (MFR). Thus, mixed spectrum 
reactor irradiations· are often used as a damage simulation technique for 
nickel-bearing MFR materials. 

In the ferritic alloys under consideration for MFR applications, the nickel 
concentrations are low (~ 0.5 wt. %) and the helium generation rates in mixed­
spectrum reactors fall well below the levels expected in MFRs. For this 
reason current reactor irradiations in the ADIP program include both 
unmodified (~ 0.5 wt. % Ni) and Ni-modified (with ~ 1 to 2 wt. %additional 
Ni) ferritic·alloys. The nickel additions are specifically aimed at 
increasing the helium generation rates to levels expecterl in MFRs. 

However isolation of helium effects by comparison of unmodified and Ni­
modified samples may be difficult because the additional nickel, in addition 
to increasing the helium generation rate, may .simultaneously alter the 
irradiation performance of the alloy via other mechanisms. In this study we 
have used dual-ion irradiation (Ni+ and He+) t~ approximate the MFR 

environment. This type of s·imulation is free from the uncertainty mentioned 
above because the simulated helium production (by injection) is independent of 
alloy composition. We have dual-ion irradiated unmodified and Ni-modified 
material under identical conditions and inspected the samples with TEM to 

assess the effect of Ni addition on irradiation microstructure. In addition 
we compare single-ion {Ni+ irradiation only) and dual-ion (Ni+ with He 
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injection} irradiated samples to assess the effect of helium. 

5.2 Experimental Procedure 

The alloys studied were HT-9 (heat no. XAA-3587} and HT-9 + 2Ni (heat no. XAA-
3589} .• The major element composition is shown in Table 1; a more complete 
analysis can be found in Ref. (l}. The material was received in the form of 
0.25 mm sheet, from which 3 mm TEM discs were punched. Samples were 
encapsulated in an argon atmosphere. and normalized for 0.5 hours at 1050°C, 
then air cooled. The HT-9 and HT-9 + 2Ni alloys were tempered for 2.5 hours 
at 780°C and 5 hours at 700°C, respectively, and air cooled, producing a 
tempered martensite structure. These heat treat schedules, supplied by R. 
Klueh, are the· same as those used at ORNL in preparing the alloys for reactor 
irradiations. After heat treatment the samples were mechanically polished and 
electropolished as final preparation for irradiation. 

TABLE 1 

COMPOSITION {wt. %} 
Alloy Heat Cr Ni Mo c w Mn v Si 
HT-9 XAA-3587 11.99 0.43 0.93 0.21 0.54 0.50 o. 27 . 0.18 

HT-9+2Ni XAA-3589 11.71 2.27 1.02 0.20 0.54 0.49 0.31 0.14 

Samples were irradiated to 25 dpa at a 3 x 10-3 dpa • s-1 dose rate. The 
irradiation temperatures were 350, 410, 470, 530 and 6oooc. One set of 
·samples. was dual-ion irradiated (3.0~ MeV 58Ni+ and degraded 0.83 MeV 3He+} 
with the helium i~jected at 15 appm He/dpa. A second set was single-ion 
irradiated (3 .• 0 MeV Ni+ alone}. After irradiation the samples were prepared 

I 

for TEM inspe.ction by electrochemically sectioning to a depth of 450 nm (peak 
damage was at 550 nm} and·backthinning to perforation. 
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5.3 Cavity Formation Under Dual-Ion Irradiation 

Microstructures observed in dual-ion irradiated HT-9 and HT-9 + 2Ni are shown 

in Figs. 1 and 2, respectively. All samples contained cavities, but the cavity 
sizes, number densities and preferential formation sites were strongly 

temperature dependent. Cavity microstructures in HT-9 and HT-9 + 2Ni were 
similar to one another in samples irradiated at 350, 410, 530 and 600°C but 

470°C irradiation produced markedly different results in the two alloys. 

Samples irradiated at 350°C contained very few visible cavities and these were 

small (~ 2.5 nm) and nonuniformly distributed in the samples; it was necessary 
to scan several regions of the samples in order to find any visible cavities 

at all. In both alloys irradiation at 410°C produced high number densities of 
intergranular cavities that ranged in size from a maximum of - 8 nm to a 

~rd<.:Licdl r·e::..ulution limit of ··· 2 nm. There were variations in both thF? 
maximum and mean cavity sizes in different subgrains of the tempered 
martensite structure in both HT-9 and HT-9 + 2Ni, but there did not appear to 

be a consistent difference between the two alloys. 

Following 470°C irradiation, both HT-9 and HT-9 + 2Ni samples contained high 
number densities of small cavities (~ 3 nm), most or all of which were 

associated with radiation-induced dislocations, and lower number densities of 
large cavities (up to - 18 nm). The small-cavity number densities appeared to 
be quite similar in the two alloys, but the large-cavity number densities were 

very different. Large-cavity number densities were fairly high in most HT-9 

subgrains, Fig. 1c, whereas in HT-9 + 2Ni it was necessary to scan a number of 

subgrains in order to find a single large-cavity (e.g. in the upper right 

corner of Fig. 2c). 

Irradiations at 530 and 600°C produced small cavities (~ 5 nm) that were 

preferentially associated with intergranular dislocations and subgrain 
boundaries. There was no clear and consistent difference in cavity size or 

number density between 530 and 600°C samples of either alloy, or between 

samples of the different alloys irradiated at these temperatures. Subgrain-
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FIGURE 1. HT~9 Ferritic Alloy Dual-Ion Irradiated to 25 dpa with 15 appm 
He/dpa. (a) 350°C, (b) 41ooc, (c) 470°C, (d) 53U°C and (e) 6oooc. 
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FIGURE 2. HT-9 + 2Ni Ferritic Alloy Dual-Ion Irradiated t o 25 dpa with 15 
appm He/dpa. (a) 350°C, (b) 410°C, (c) 470°C , (d) S3ooc and (e) 
600°c. 
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to-subgrain variations ~'lithin samples were large enough to mask any consistent 

dependence on temperature or alloy composition that may exist. 

5.4 Single-Ion Irradiated Samples 

Based on the dual-ion results, HT-9 and HT-9 + 2Ni samples irradiated at 410 

and 470°C were thought to be the most likely to contain cavities so these were 
inspected first. Large areas of these four samples, and also of HT-9 and 

HT-9 + 2Ni samples irradiated at 530°C, were carefully inspected for 
cavities. This search revealed only a single cavity in one of the six samples 
(HT-9 irradiated at 470°C). Since the single-ion irradiations were identical 
in all respects to the dual-ion irradiations, except for the helium injection, 

it is clear that helium was essential to formation of all of the cavities 

(both small and large) described in section 5.3. 

5.5 Discussion 

Low swelling and a narrow temperature range for swelling are characteristic of 
ferritic alloys,( 2) and the HT-9 and HT-9 + 2Ni alloys investigated here 

apparently follow this trend. Under single-ion irradiation in the temperature 

range 410-530°C, swelling was essentially zero for both alloys. All dual-ion 

irradiated samples contained cavities, but swelling remained low. At most 

temperatures the cavities were probably equilibrium or overpressured He 
bubbles, but some bias-driven cavity growth probably occurred at 410 and 

470°C. 

The small-cavities located along dislocations and subgrain boundaries in 530 

and 600°C dual-ion irradiated HT-9 and HT-9 + 2Ni are likely to be helium 
bubbles, as are the small-cavities along dislocations in 470°C samples. 

However, it is probable that tRe cavities in 410°C samples and the large size 

fraction of the cavities in the 470°C samples are voids that have grown by 

bias driven growth after nucleation as He bubbles. The bimodal distribution 

of cavity sizes at 470°C is indicative of two different mechanisms controlling 

the growth of the two components of the distribution. It is to be expected 
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that a higher number density of helium bubbles will be nucleated at lower 
temperatures. This means that the average bubble size should decrease with 
decreasing temperature. Furthermore, the equilibrium pressure in a bubble 
increases with decreasing bubble size so that the injected helium can be 

accomodated in a smaller volume fraction of equilibrium bubbles when there are 
more smaller cavities. This means that the helium bubble volume fraction 
should increase with increasing temperature and decreasing number density. 
The predicted trends are followed by the results at 530°C or 600°C as compared 
to the small size fraction of cavities at 470°C. The sizes and volume 
fractions of cavities at 410°C and 470°C can only be understood if the 
cavities at 410°C and the large cavities at 470°C have grown substantially 
beyond the equilibrium bubble size. Thus we conclude that the increases in 
cavity volume in· both alloys at 410°C and in HT-9 at 470°C result from bias­
driven cavity growth. However it is clear from the lack of cavities in 
single-ion irradiated samples that the large bias-driven cavities must have 
nucleated as helium bubbles. 

Since the small-cavity sizes and number densities were similar in HT-9 and 
HT-9 + 2Ni at 470°C, it seems clear.that the additional nickel reduced the 
degree of bias driven cavity growth at that temperature. The mechanism for 
this reduction is not clear at present, but it is the same trend noted by 
Johnston et.al., (

2
) where addition of 2 wt. % Ni to an Fe-15Cr binary alloy 

dramatically reduced swelling for 140 dpa, 550°C Ni ion irradiation of helium 
rreinjected samples {550°C was the peak swelling temperature for Fe-15Cr). An 
i.nteresting feature of the present results is that nickel addition did not 
appear to significantly reduce bias driven growth at 4Iooc, i.e., nickel 

addition appears to suppress swelling mainly on the high temperature side of 
the void swelling regime. 

We conclude, then, that carP. should be.taken in· interpretation of swelling 

differences in reactor irradiated HT-9 nd HT-9 + 2Ni. Helium was found to be 

essential for cavity nucleation in both alloys, so the increased helium 
produced by nickel addition could cause swelling increases at some 
temperatures, particularly on the low temperature side of the void swelling 
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regime. But at high temperatures the nickel addition itself ~uppresses 
swelling, and this suppression cannot be interpreted as a helium effett. 

6.0 References 

1. M. L; Grossbeck, V. K. Sikka, T. K. Roche and R. L. Klueh, ADIP Quarterly 
Progress Report for Period Ending De~. 31, 1979, DOE/ER-0045/1, p. 100. 

2. W. G. Johnston, T. Lauritzen, J. H. Rosolowski and A. M. Turkalo, Report 
No. 76CRD019 (General Electric Research and Development, Schenectady, 
1976) 0 

7.0 Future Work 

. Samples of 9Cr-1Mo and 9Cr-1Mo + 2Ni ferritic alloys irradiated under the same 
conditions .as· the HT-9 and HT-9 + 2Ni alloys described in this report will be 
inspected in TEM in the near future . 

. . 
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Influence of He Injection Schedule and Prior Thermomechanical Treatment on the 
" Microstructure of Type 316 SS 

A. Kohyama and G. Ayrault (Argonne National Laboratory) 

1.0 Objective 

The objective of this work is to determine the ·microstructural evolution, 
during irradiation, of first wall materials with special emphasis on the 
effects of helium production, displacement damage rates, and temperature. 

\ 

2.0 Summary 

The influence of different helium injection schedules on microstructure 
developement in Ni ion irradiated 316 SS at 625°C is described. Hot- or cold­
preinjection followed by .. single-ion irradiation produced lower swelling than 
dual-ion irradiation in solution annealed and solution annealed and aged 
samples, but produced greater swelling in cold-worked material. Dual-ion 
irradiation to 25 dpa produced strongly bimodal cavity-size distributions in 
solution annealed and so1ution annealed and aged samples, whereas single-ion 
irradiation followed by dual-ion irradiation to the same dose produced a 
cavity-size distribution with a substantial component of intermediate-size 
cavities •. Dual-ion irradiation produced only very small cavities in 20% cold­
worked material, while single-ion followed by dual-ion irradiation produced some 
intermediate-size cavities, and greater swelling. 

3.0 Program 

Title: Effects of Irradiation on Fusion Reactor Materials 
Principle Investigator: A. P. L. Turner 
Affiliation: Argonne National Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.C.2.1 Mobility, Distribution and Bubble Nucleation 
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5.0 Accomplishments and Status 

5.1 Introduction 

Mixed-spec~rum reactor irradiation is commonly used for study of helium 
effects on radiation damage in nickel-beari~g alloys. Helium is generated via 

.the two-step reaction . ) 

At sufficient neutron doses, the 59Ni concentrations in austenitic alloys can 
reach levels where the helium generation rate reaches or exceeds the high 
level expected in magnetic fusion reactors (- 15 appm~e/dpa). However during 
the earliest phase of microstructure nucleation. at the start of irradiation in 
mixed-spectrum reactors there is no helium generation because no 59Ni has been 
produced~ In contrast, MFR neutrons will generate helium rapidly even at the 
lowest doses. In this study we have dual-ion irradiated 316 SS samples using 
helium injection schedules intended to (1) approximate the MFR condition of 
steady helium generation, and (2) mimic the mixed-spectrum reactor condition 
~f rapid helium production at high dose and no helium production at low dose. 

Helium preinjection (usually - 10 to 30 appm) is often used to compensate for 
the aforementioned lack of helium in the early nucleation phase of 
microstructure development in reactor irra~iations, and in ion and electron 
irradiations as well. In addition to the dual-ion irradi~tions mentioned 
above, we have hot- and cold-'preinjected 316 SS samples and single-ion 
irradiated them to test the validity of preinjection alone as a simulation of 
transmutant helium production. 

TEM work has been completed on samples having three thermomechanical 
histories, each irradiated under the conditions described above. In this 
report we give a qualitative description of the microstructures. Quantitative· 
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data extracted from the mi crog.raphs wi 11 be presented in future reports. 

5.2 Experimental 

The material irradiated was 316 SS from the MFE heat (15893). Irradiations 
under all of the conditions described below were performed on samples with 
three prior thermomechanical treatments: solution annealed (0.5 h at 1050°C), 
solution a.nnealed and aged (1 h at 1050°C, 10 h at 8oooc) and 20% cold­
worked. All irradiations were performed at 625°C, which is near the peak 
swelling temperature for the 3 x 1o-3 dpa • s-1 damage rate employed. Nickel 
i.on irradiation (3.0 Mev58Ni+) was used for damage production; all helium 
injections (simultaneous and preinjection) were performed with a degraded 0.83 
MeV 3He+ beam. 

Samples were irradiated with six dose/helium histories. For simplicity, each 
of these has been assigned a descriptive code (e.g. 5S for (1) below), which 
is listed with·each dose/helium history. The histories were: 

(1) single-ion irradiation to 5 dpa (5S), 
(2) dual-ion irradiation to 5 dpa with 15 appm He/dpa (50), 

(3) single-ion irradiation to 5 dpa followed by 20 dpa dual-ion irradiation 
with 18.8 appm He/dpa, giving the same final helium concentration as (4) ' . 

(25SO), 
(4) dual-ion irrnrlintion to 25 dpa with 15 appm He/dpa (250} 
(5) 15 appm (cold} helium preinjection (at room temperature) followed by 

25 dpa single-ion irradiation (25CP) and 
(6) 15 appm (hot) helium preinjection (at. 650°C) followed ·by 25 dpa 

single-ion irradiation (25HP). 

Histories 3 and 4 (?5SO and 250} are intended to mimic mixed-spectrum reactor 
and MFR irradiation respectively. Histories (1) and (2} (5S and 50} provide a 

·view of the microstructures that the 25 dpa samples (25SO and 250) had at low 
dose. 

)93 



5.3 Dual-ion Helium Schedule Microstructure 

Typical microstructures for the 5S, 50, 25SD and 250 samples (histories 1, 2, 
3 and 4 respectively) are presented in Figs. 1-6. Figures 1 and 2 show 
solution annealed (SA) samples; Figs. 3 and 4 show solution annealed and aged 
{SAA) samples; Figs. 5 and 6 show 20% cold-worked (CW) samples. In all cases 
the micrographs at left are recorded in a {200) two-beam diffraction condition 
for dislocation contrast and those at right are recorded in underfocused 
absorption contrast to image the cavities. 

The microstructures in 5 dpa solution annealed samples 5S and- 50, Fig. 1, are 
quite different from one-another. No visible cavities are present in the 
single-ion samples, whereas dual-ion irradiation produced significant cavity 
nucleation and growth. Dislocation structures in both the 5S and 50 samples 
consist almost entirely of frank loops, but dual-ion irradiation produced a 
higher number density of smaller loops. Clearly the helium played a major 
role in nucleation of both cavities and loops. 

At 25 dpa the 25SD and 250 samples, Figs. 2a and b respectively have similar 
dislocation microstructures consisting of both loops and lines. Although the 
dislocation structure appears to have recovered from differences present at 5 
dpa, differences in the cavity microstructure persist. The cavity size 
distribution in the 250 sample was clearly bimodal in nature, with a high 
number density of small cav.ities (~ 3 nm) and a lower number density of large 
cavities (up to ~ 40 nm) but with very few cavities in the range 3 to 12 nm. 
The 25SD sample also contained a high number density of small cavities and the 
maximum cavity size was similar to that in the 250 sample, but the size 
distribution was not as strongly bimodal as in the 250 sample; there were rna~ 
cavities ih the 3 to 12 nm size range that were absent after cant i nuous dual­
ion irradiation. In fact, quantitative analysis (now in progress) may reveal 
that the cavity size distribution for 25SD irradiation is not bimodal at all, 
but .consists instead of a population whose number density rises monotonically 
with decreasing siz~. Despite the difference in cavity size distribution, 

there is no obvious difference in cavity volume fraction between 250 and 25SD 
samples. 
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FlGURE 1. Dislocation and Cavity Microstructures in Solution-Annealed 316 SS 
Irradiated to 5 dpa at 625°C, a) Schedule 55 and b) Schedule 50. 

Micr9structure development in solution annealed and aged material, Figs. 3 and 

4? closely paralleled that in solution annealed samples. Again no cavities 
wQre present in the 5S sample and the loop density was low, while cavity 

growth was well under way in the 50 sample and higher number densities of 

smaller loops were present. Also the 250 beam history produced a strongly 

bimodal cavity-size distribution, whereas cavities of intermediate size were 
prqfus~ following 25SD irradiation, as in SA material. The most notable · 
difference between SA and SAA samples was the low-dose dislocation . . . 



a 

b 

FIGURE 2. Dislocation and Cavity Microstructures in Solution-Annealed 316 SS 
Irradiated to 25 dpa at 625°C, a) Schedule 25SD and b) Schedule 250. 

microstructure. Loop number densities were lower and loop diameters larger in 

SA samples than in SAA specimens at 5 dpa after both singlP.- anrl rlual-ion 

irradiation. 

In 20% cold-worked material the dislocation densities were high for all beam 

histories and swelling was low, as expected. The 5 dpa samples, Fig~ 5, 

looked nearly identical, except that a few very small (barely resolvable) 

caviti~s were seen in the 50 sample. At 25 dpa the 250 sample contained no 

cavities larger than - 6 nm •. Small cavities ( ( 3 nm) were profuse and most, 

if not all, were associated with dislocations. The 25SD history produced, in 
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FIGWRE 3. 

a 

b 

Dislocation and Cavity Microstructures in Solution-Annealed and 
Ag~d 316 SS Irradiated to 5 dpa at 625°C, a) Schedule 5S and b) 
Schedule 50. 

addition to the high number density of small cavities, a very low number 

density of cavities as large as 20 nm. Although the cavity volume fraction is 
low in both cases, it is clearly higher for the 25SD sample, i.e. the lack of 

helium at low dose actually enhanced swelling. 

5.4 Microstructure of Helium Preinjected Samples 

Typical microstructures for 25 dpa hot- and cold-preinjected single-ion 

irradiated samples of SA, SAA and CW material are presented in Figs. 7, 8 and 
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b 

FIGURE 4. Dislocation and Cavity Microstructures in Solution7Annealed ·and' 
Aged 316 SS Irradiated to 25 dpa, a) Schedule 25SD and b) 
Schedule 250. 

9 respectively. For easy comparison· with dual-ion microstructures ~"~ ha_.ve . 
includecl 250 dual-ion micrographs in each figure. Beam histories 25CP, 25HP 

an~ 250 produced significantly different microstructures in samples with fach 

of the prior thermomechanical treatments; microstructures in SA and SAA 

material closely paralleled one another but the effect of preinjection on CW 

material was entirely different. 

In SA and SAA samples, Figs. 7 and 8, the dislocation densities in both ,25CP 

anrl 25HP sampl~s were significantly lower than for 250 irradiation and ~he 

frac~ional contribution of loops was much higher; i.e. the development of 
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FIGURE 5. Dislocation and Cavity Microstructures in 20% Cold-Worked 316 SS 
Irradiated to 5 dpa, a) Schedule 5S and b) Schedule 50. 

dislocation microstructure appeared to be significant ly retarded in 
preinjected samples. There were almost no small-cavities in 25 CP or 25 HP 
samples of SA and SAA material, and large-cavity number densities were a great 

deal lower than those produced by dual-ion irradiation. The cavity volume 

fra~tion was clearly lower in 25CP than in 250 samples, and appeared to be 
lower in 25HP samples than in 250 samples as well. Cavities in 25CP samples 

were significantly smaller than the large-cavities in dual-ion ' samples, while 

cavities in 25HP samples were significantly larger. 

In cold-worked samples, Fiq. 9, both hot- and cold-preinjection enhanced 
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FIGURE 6. Dislocation and Cavity Microstructures in 20% Cold-Worked 316 SS · 
Irradiated to 25 dpa, a) Schedule 25SD and b) Schedule 25D. 

swelling relative to dual-ion irradiation instead of retarding it as in SA ~nd 

SAA material. Dual-ion irradiation produced no lnrge-cavities, Fiq. 9c, but -. 

cold- and hot-preinjection followed by single-ion irradiation, Figs. 9a and b,. 

produced large-cavities and measurable swelling. What is even more surprisi.ng 

is that swelling in preinjected cold-worked samples appears to be as high &s, ., 

or even higher than it is in preinjected SA or SAA samples. This unusual 

feature will require further examination. 
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FIGUR~ 7. Dislocation and Cavity Microstructures in Solution-Annea led 316 SS 
Irradiated to 25 dpa~ a) Cold-Preinjected Schedule 25CP~ b) Hot­
Preinjected Schedule 2~Hr and c) Dual-Ion Schedule 250. 

2)1 



a 

b 

c 

FIGURE 8. Dislocation and .Cavity Microstructures in Solution-Annealed and 
Aged 316 SS Irradiated to 25 dpa, a) Cold-Preinjected Schedule 
25CP, b) Hot-Preinjected Schedule 25HP and c) Dual-Ion Schedule 250. 
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c 

FIGURE 9. Dislocation and Cavity Microstructures in 20% Cold-Worked 316 SS 
Irradiated to 25 dpa, a) Cold-Preinjected Schedule 25CP, b) Hot­
Preinjected Schedule 25HP and c) Dual-Ion SchP.diJlP ?Sn. 
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5.5 Discussion 

The results of this study show that differences in helium concent r ation and 

distribution at low dose are quite persistant in affecting the microstructure 

at high dose. The results also show that the nature of low-dose helium 

effects are strongly dependent upon the preirradiation microstructure. The 

most graphic illustration of this is found in comparing hot- and cold­

preinjected, single-ion irradiated samples, and compari ng both with dual-ion 

irradiated specimens. In SA and SAA material, both hot- and cold preinjected 
samples had cavity number densities that were very low compared to dual-ion 
samples. This effect can be attributed to the lower helium concentration in 
preinjected samples producing fewer bubbles large enough to grow as bias­

driven voids. However the large difference in cavity size between hot- and 

cold-preinjected samples is difficult to rationalize; clearly the differences 
persisted well into the cavity growth phase and thus could not be due to 

cavity nucleation differences alone. The effect of preinjection in CW 

material was entirely different, first because it enhanced swelling relative 

to dual-ion irradiation, and second because cold-preinjection caused formation 
of larger cavities than did hot-preinjection. It is possible t hat in this 

case the ca~ity-size difference was caused by nucleation differences, because 
the cavity number density following hot-prelnJeCtlon was higher than for cold­

preinjection and growth differences could have resulted from competition for 
available point defects. Whether this explanation is consistent with the high 

dislocation densities that would make the dislocations the dominant type of 
sink in all cases will have to be determined by a rate-theory model 

calculation. 

Microstructure differences between the 250 and 25SD helium schedules were more 

subtle than the differences caused by cold versus hot-preinjection, but are of 
more immediate interest because of their direct relationship to MFR versus 

mixed-spectrum reactor irradiations. The most notable difference between 250 

and 25SO samples was the addition of a strong component of mid-size cavities 

(3-12 nm) to the population in 2550, SA and SAA samples. Presumably, most or 
all of these are of sufficient size that their growth is largely bias-
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driven. Thus the number densities of cavities in the bias-driven size range 
may actually be higher in samples where helium was absent at the onset of 
irradiation. (Results of quantitative analysis will be necessary to confirm 

this point). Formation of cavities in the 3-12 nm size range also occured in 
25SD irradiated CW material, where no cavities larger than ~ 3 nm were present 
in samples that had been dual-ion irradiated from the start. Thus the 
behavior in CW material appears to be similar to that in SA and SAA samples. 
However, the importance of the 3-12 cavities may be greater in the CW material 
because they are the largest cavities present and their growth should dominate 
the swelling behavior, whereas in the SA and SAA materials cavities larger 
than 12 nm are present in both 250 and 25SD irradiated samples. 

In summary, we find that differences in the microstructures after irradiation 
that are caused by differences in helium content and injection schedule are 
quite complex and surprisingly persistent. Quantitative analysis of the 
dislocation and cavity microstructures described qualitatively in this report 
will further elucidate the mechanisms by which these helium effects operate. 
Results of the quantitative analysis will appear in future reports. 

6.0 References 

none 

7.0 Future Work 

Quantitative analysis of dislocation and cavity microstructures in the samples 
described in this report is now in progress. 
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CONTINUED EXAMINATION OF THE SWELLING OF 11 PURE 11 AISI 316 IRRADIATED IN ORR 

H. R. Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this effort is to determine the influence of spectral 
differences on the evolution of AISI 316 during irradiation and to extra­
polate the insight gained to predict the alloy•s behavior in proposed 
fusion devices. 

2.0 Summary 

Preimplantation of 40- appm helium into 11 pure AISI 316 11 prior to irradiation 
in ORR at 550°C to ~3 dpa leads to either total suppression of radiation-induced 
cavities or reduction of their diameters below 1.5 nm. 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Task II.C . 2 Effects of Helium on Microstructure 
Task II.C.l7 Microstructural Characterization 

5.0 Accomplishments and Status 

5.1 Introduction 

In earlier reports it was shown that the irradiation in the MFE-2 experiment 
of 11 pure 316 11 (Fe-17Cr-16.7Ni-2.5Mo) in the Oak Ridge Research Reactor (ORR) 
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led to a microstructural evolution that appeared to be sensitive to preirradiation 

helium implantation but not cold-working. (l-3) However, both density change 

measurements and postirradiation aging studies suggested that the apparent 

suppression of swelling by helium preinjection may be misleading. (3) In other 

words, the cavity density may have been increased sufficiently by preinjection 

that the voids produced were smaller than the resolution limit ( ~3.0 nm) of 

the imaging techniques used in the electron microscope. This conclusion is 

clouded by the possibility that the small density decrease observed in pre­

injected specimens may have risen from elemental segregation and not from 

unresolved cavities. In order to examine this possibility it was decided to 

extend the resolution limit to smaller sizes by using careful through-focus 

series of potential cavities under kinematic conditions. 

In this type of approach small voids which are essentially invisible by absorp­

tion contrast can be imaged. In the underfocus condition the outer boundary 
of the cav1ty appears as a black ring surrounding a light area, while in the 

overfocused condition the inner region is darker than background and surrounded 
by a white ring. 

5.2 Results 

In order to define the limit of resolution in the JEOLCO lOOX, a preimplanted 

(40 appm) specimen irradiated at 550°C for ~3 dpa was aged out of reactor for 

one-quarter hour at 900°C. As shown in Figures 1 and 2 this lead to detectable 

r~vities where none were observed prior to irr~JidLiun. The mean diameter is 

~3 nm and their density is about 5 x 1015 cm- 3 • This concentration is similar 

to that found in irradiated specimens which were not preinjected with helium 

although the sizes are smaller by factors of 3 to 4. (2) Figure 3 shows that 

no cavities were detectable at <1.5 nm diameter. 

Re-examination of another identical specimen aged one-quarter hour at 700°C 

yielded a low density (~10 14 cm- 3 ) of images, some of which were cavities, and 

some which did not behave as cavities. The latter were probably artifacts on 

the foil surfaces. 
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~ 

20 nm 

FIGURE 1. Underfocus (Top) and Overfocus (Bottom) Images of Cavities in Annealed 
Fe-17Cr-16.7Ni-2.5Mo + 40 appm Helium Irradiated in ORR at 550°C for 
~3 dpa and then Aged One-Quarter Hour at 900°C. 
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FIGURE 2~ Distribution of Visible Cavities Observed in Specimen Described in 
Figure 1. 

Examination of a preimplanted specimen without aging using a careful and 
extensive through-focus series led to no images which could be attributed 
to cavities. If indeed cavities exist in this specimen they must possess 
diameters of <1.5 nm. 

5.3 Conclusions 

Preimplantation of 40 appm helium into 11 pure AISI 316 11 prior to irradiation 
in ORR at 550°C to ~3 dpa leads to either total suppression of radiation-induced 
cavities or reduction of their diameters below 1.5 nm. 
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7.0 Future Work ·'!. 

These specimens as well as preinjected and aged specimens will be examined 
t 

using positron annihilation in order to determine if cavities exist at 

diameters below 1.5 nm. 
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·Abbreviations Used in.the Report 

ADIP, 

ANL 

BNWL 

BES 

CP . 

OAFS 

DOE 

DPA 

EDX 

EELS 

E-19 

EBR-11 

FFTF 

HFIR 

HVEM 

MFR 

OFE 

·ORNL 

ORR 

PCA 

PKA 

PMI 

Alloy Development for Irradiation Performance·Task Group (of the 
OFE of the DOE) 

Argonne· National Laboratory 

·Battelle Northwest Laboratories 

Basi.c Energy Sciences Division of the DOE 

Charged Particle 

Damage Analysis and Fundamental Studies Task Group (of the OFE of. 
the DOE) 

Department of Energy 

displacement per ~tom 

Energy Dispersive X-ray Analysis 

Electron Energy Loss Spectroscopy 

a· Ni - Cr-Feternary austenitic alloy 

Experimental Breeder Reactor-11 (at· Idaho National Laboratory) 

Fast Flux Test Facility (at Hanford·Engineering Development 
Laboratory) 

High Flux Isotope Reactor (at ORNL) 

High Voltage Elect_ron Microscopy 

Magnetic Fusion Reactor 

Office of Fusion Energy (of the DOE) 

Oak Ridge National Laboratory 

Oak Ridge Research Reactor (at ORNL) 

Prime Candidate Alloy (austenitic stainless steel chosen by ADIP 
as prime contender for that alloy path) 

Primary knockon· atom 

Plasma Materials Interoction Ta~k Group (OFE/DOE) 
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RTNS-II 

ss 

STA 

u. ~va. 

U.-Wisc. 

u.-Pitt. 

W-R&D 

Summary 

Rotating Target (14 MeV) Neutron Source (at Lawrence Livermore 
Laboratory) 

Stainless Steel 

Solution Treated and Aged 

University of Virginia 

University of Wisconsin 

University of Pittsburgh 

Westinghouse Research and Development Center 

Bombardment with charged-particles, particularly dual beams composed of 

helium and heavy ions, is a tool increasingly used to study micro­

structural evolution in structural alloys induced by displacement damage 

and transmutant gases. A primary motivation for such studies in the 

fusion materials program is anticipation that this research can contribute 

to developing a sound physical basis for correlating data from various 

neutron irradiation environments and to predict behavior in fusion 

environments which are not available. However, the distinct advantages of 

these techniques, primarily flexibility and precision in the control of 

important variables, does not come without significant cost. In 

particular, there is a concomitant introduction of experimental variabl.es 

which fall outside the .range found for neutron irradiation va~iables; 

these vari'ables must be considered in interpreting and utilizing the 

charged-particle data in fission-fusion neutron correlation efforts. It 

should be noted, however, that use of neutron data faces similar 

challenges. 

Hence, this report focuses on the status of 11 interpretational tools 11 

needed to apply the charged-particle results to neutron correlations. We 

first conclude that there are a finite number of pertinent issues (perhaps 
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about 10) which are at various stages of resolution. Several of these are 

nearly solved, while a few others will require 5 to 10 years of additional 

research. Hence, we believe that there is little near-term (less than 5 

years) prospect for direct engineering utilization of charged-particle 

data. A direct use would be, for example, using charged particle data 

a 1 ong with some 11 Correct i on 11 factors to specify the void swelling in a 

particular alloy as a function of neutron exposure in a fusion first wall. 

However, indirect use of charged particle data can have a critical 

near-term impact on the fusion (materials program in: developing and 

calibrating models; guiding the interpretation of neutron data; planning 

neutron irradiation experiments; and chosing among alternate interim 

engineering correlation positions. Indeed, such indirect use has already 

taken place. More significantly, such ·research can provide important 

information in setting the direction of fusion materials research by 

addr~ssing several controversial 'questions of immediate concern, such as 

the significance and mechanisms of microchemical effects and the influence 

of pulsing. 

Over the intermediate and longer-term more direct use of charged-particle 

data seems likely. In part, this optimistic conclusion derives from the 

broad (worldwide) interest in the interaction of ion beams with solids 

motivated by such diverse technologies as plasma materials interactions 

and surface modified wear-resistant alloys. ·Specifically, these programs 

are developing most of the interpretational tools which are also needed by 

the fusion materials program. • 

Hence, we be 1 i eve that it is in the interest of the fusion · program to 

assure a stable commitment of 11 reasonable 11 resources to a sustained 

charged-particle research effort. If this investment is to be best 

utilized, however,. better coordination, both within fusion-sponsored 

programs and with other outside groups, is required. Further, there must 

·be some continuing commitment to resolving the underlying interpretational 
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issues; we particularly note the need to develop better interfaces with 

modeling efforts. 

The program· coordination should and need not be· overly constraining. 

Indeed, it should be primarily structure~ around a consensus on technical 

issues and mechani~m~ to resolve them. Hence, we finally offer some 

tentative suggestions in that vein, noting that it is then a relatively 

short step to more formalized program plans. 
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1. INTRODUCTION 

Recently, bombardment with ion beams, or charged particles (CP), has be~n 

applied in support of fusion materials development. The principal 

motivation has been a realization that these techniques provide a 

well-controlled irradiation environment in which key damage variables can 

be studied singly or in ·combination in terms of their influence on 

microstructural evolution; and for light ions, irradiation creep and 

tensile flow properties. The key variables that can be studied are: 

displacement per atom (dpa) rate, helium to displacement per atom ratio 

(He/dpa ratio) and schedule; temperature; stress; and cycling of some or 

all of these variables. The technique provides access to some variable 

regimes not readily accessible in neutron experiments -- e.g. high He/dpa 

ratios .and pulsing. Further, the experiments can be conducted for any 

material (i.e., without the compositional limitation associated with 

helium generation by neutron reactions). Research supported to date by 

the Department of Energy's (DOE) Office of Fusion Energy (OFE) has focused 

on the first three variables (dpa rate, He/dpa ratio and temperature) for 

engineering or model fus·i on a 11 oys. 

Obtaining these cle~r benefits is not without chall~nge; the major issue 

is interpretation of the CP data in a way which allows it to be used to 

corre 1 ate and extrapo 1 ate neutron data to fusion environments in one or 

more of several ways. These include: direct supplements to neutron data; 
I . 

qualitative assistance in the interpretation and planning of neutron 

experiments; and providing quantitative information on mechanisms and 

parameters for models used to correlate neutron and, perhaps, neutron and 

charged particle data. This issue has been the subject of an American 

Society for Testing and Materials (ASTM) Recommended Standard 

Practices(l, 2), [one of which is currently undergoing balloting2)J which 

provide useful information and background material. However, there have 

been additional developments since these documents were written. Hence, 

the Department of Energy•s (DOE) Office of Fusion Energy (OFE) requested 
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that the Damage Analysis and Fundamental Studies (OAFS) Task Group conduct 

a critical assessment of CP research with respect to both the short and 

long-term goals of the fusion materials.program. We believe.that the 

major issue facing fusion materials CP research are the interpretational 

tools available for correlating these results with neutron data. Thus, 

the major body of this report addresses these interpretational tools; 

indeed, the rate of deve 1 opment of such too 1 s wi 11 1 arge ly govern the 

qualitative and quantita'tive impact of charged particle research both in 

the short and long-term. 

In addition, this brief document attempts to put into current perspective 

the use of CP bombardment in the OAFS program.* It must be emphasized, 

however, that this r·eview is by no means definitive. New data generated 

by these techniques in the OAFS program and a tremendous worldwide 

increase in research on ion implantation promise to alter many assumptions 

underlying the use of CP studies. 

We have excluded discussion of direct applications of ion beams to the 

study of Plasma/Materials Interactions (PMI). This subject has been 

discussed at length elsewhere( 3). It is currently being actively pursued 
I 

by the PMI Group with few direct ties to CP research in the OAFS program. 

There is, however, considerable overlap in research interests a~ong the 

various laboratories involved in DAFS/PMI work. Consequently, a cumulative 

body of knowledge is evolving reQarding near-surface·effects from implanted 

ions that is relevant to the assessment and will be discussed. 

* Relevant OAFS programs at the time of writing include dual-ion 
irradiations ;;~t Argonne National Laborator.v (ANL) and Westinghouse Research 
and Development Center (W-R&D)/University of Pittsburgh (U.~Pitt.), single 
heavy ion irradiations at U. Wisconsin (U.-Wisc.) and light ion irradiations 
at ANL, and helium irradiations coupled to a High Voltage Electron 
Microscopy (HVEM) at University of Virginia (U.Va.). 
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Most of what follows is couched in terms of the so-called 11 dual ion" or 
11 triple ion" beam techniques applied to the study of microstructural 

effects in potentjal fusion first-wall materials.· This is not meant to 

detract from the usefulness of bombarding with monatomic high energy heavy 

ions (U.-Wisc.) or with monatomic light ions (at ANL), sometimes combined 

with HVEM (at U. -Va.). Such techniques have proven useful · in 

demonstrat i·ng changes in properties and microstructure, the degree to. 

which such effects scale with damage energy, and the interaction. between. 

applied stress and helium distribution on grain boundary fracture. In._; 

fact, most of the arguments presented here are generic to ion implantation 

in general. 

Finally, several suggestions for improving the coordination or general.· 

framework of CP and neutron i rradi at ion efforts within the OAFS program 

are given (with the caveat that overly constrained research would surely 

be counterproductive). 

This report is divided in five parts: 

. ' 

1. Introducti-on 

2. Historical perspective on the. use of charged particles. to 
"simu·Iate" or study fast neutron irradiation effects. 

3. Discussion of interpretational tools which need to be developed 
so that CP data can be 11 used" (in the sense of corre 1 at i ng the 
data with that from fast and mixed spectrum fission.reactor and 
high energy ex-reactor neutron irradiations). · 

4. Prospects for "short-term11 versus "1 ong-term" impact of CP 
research.on ~evelopment of fusion reactor first-wall·materials. 

5. Suggestions for coordinating CP efforts in the OAFS program 
(encompassing general progfam philosophies of the partici~ating 
research groups and experimental/theoretical capabiliti~s) . 
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2. HISTORICAL PERSPECTIVE ON THE USE OF CHARGED PARTICLES TO STUDY FAST 
NEUTRON DAMAGE .EFFECTS IN METALS 

Early work ·at Harwell and elsewhere(4 , 5) first demonstrated the 

possibility of using charged particle bombardment to produce 

microstructural changes similar to those observed under fast neutron (E·~ 

0,1 MeV) irradiation. The motivation for this work stemmed from three 

ideas: (1) nearly all atomic displacement events in reactor result from 

energy transfer among recoiling metal atoms. Under typical fast neutron 
14 15 2 fluxes of ~10 - 10 n/cm sec there are many more atom-atom collisions 

than neutron-atom collisions per unit volume. Thus, the det'ailed nature 

of the initial energy transfer (primary knockon atom or PKA event) should 

be relatively unimportant in defect production as long as sufficient 

energy can be transferred to metal atoms in collisional processes. (2) 

Charged particles have much larger collison cross sections with metal 

atoms than do neutrons .. Thus, it should be possible to· compress into 

hours atomic displacement processes that would take. many months in 

reactor. (3) As long as the energy of the incident particles is less than 

~10 MeV/nucleon the atomic displacements can be achieved without making 

the targets radioactive. 

The technique of using ion beams to "simulate" fast reactor conditions 

gained great popularity in the early .1970 1 s. Unfortunately, the initial 

conclusion that ion irradiations could be used to simulate neutron 

irradiation results was based on superficial similarities of 

microstructures and swe 11 i ng rates. Very 1 itt 1 e work was conducted to 

test the basic assumptions of ideas behind the technique, _until more 

detailed analysis showed significant differences in precipitation behavior 

and other microstructural features. 

In the mid-to~late 1970 1 s the Energy Research and Development Agency 

(predecessor of DOE) pressure to select and optimize fuel cladding and 

duct alloy compositions and microstructures for the fast breeder reactor 
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program in· the U.S. gave strong impetus to the use of charged particle 

.techniques. It soon became apparent that successful prediction of alloy 

behavior under neutron irradiation was not guaranteed by either straight­

forward application of charged particle results or by simple 

interpolations or extrapolations of ion or electron bombardment data. 

There were notable successes, e.g. Johnston's demonstration of the 

nickel-effect on swelling in face-centered-cubic Fe-Ni-Cr alloys(G) and 

Okamoto's discovery of irradiation-induced solute segregation(]) 

(predicted by Anthony(S) of General Electric almost a decade earlier), but 

there were also· failures( 9 •10 •11). Void and dislocation .loop formation 

often exhibited similar fluence-dependent kinetics under neutron and CP 

irradiation if the irradiation temperatures were separated by a 

temperature difference AT. The· magnitude of AT was se 1 ected on the basis 

of relative atomic displacement ·rates to 11 normalize 11 point defect 

supersaturations. However,. such a 11 temperature-shift11 was often 

accompanied . by a precipitate microstructure and a 

p~ecipitation(11 ) which differed from that observed in the 

sequence of 

cor_respondi ng 

neutron-irradiated specimen. ·chemical composition, crystal structure, 

morphology and stability of the precipitates could all change when the 

atomic displacem~nt rate was increased by three orders 

i rrad i at ion temperature raised by an amount AT ~ 100 

irradiation time (time-at-temperature) shortened from 

of magnitude, the 

- 200°C, and the 

~107 sec to "'104 

sec. Interestingly, many of these effects are linked with solute-
(12) . 

segregation (sometimes referred to as microchemical evolution ) --a 

phenomenon discovered and intensively studied by CP bombardment 

techniques( 13). 

The difficulties encountered in corre 1 at i ng CP and neutron i rradi at ion 

data led to disenchantment with the use of charged p~rticle studies in the 

breeder program, and s i nee experi menta 1 breeder reactors were avai 1 ab 1 e 

for continued irradiation studies, most of the CP research activitY at 

the various laboratories directed toward ·usimulating11 fast neutron damage 

effects was stopped. Basic. research studies .have continued, in this 

A-12 



country and abroad, related to fusion and other emerging technologies, and 

using CP techniques to study the effects of atomic displacement damage and 

imp 1 antat ion of ions with varying degrees of .so 1 ubil i·ty have increased 

steadily up to the present time(14 •15 )_ 

Out of the difficulties encountered in attempting to quantitatively 

corre 1 ate CP and fast neutron results there emerged an appreciation of 

some of the important variables. 

raised about: 

In particular, questions have been 

Primary recoil energy spectrum effects 

Point defect annealing rates and cascade overlap effect at high 
particle fluxes 

Doping of the damage region with implanted interstitials 

Introduction of local stresses by ion implantation and inhomogeneous 
swelling 

Loss of point defects to the nearby free surface 

Impurity pick-up from the vacuum ambient 

Point defect gradient effects arising from a depth dependent atomic 
displacement rate 

Method of implanting helium to simulate helium generation from (n,a) 
reactions 

Acceleration of kinetic processes with different dependencies on atomic 
di sp 1 acement \"ate am.l temperatur-e 

Interfaces uelween modeling efforts and CP research. 

It is precisely in trying to answer these questions that one faces the 

questions of application, interpolation and extrapolation of charged 

particle bombardment results to fast neutron damage conditions. 

Fundamentally, one would like to get. as c·lose as possible to neutron 

irradiation conditions, activating the same basic physical processes and 

measuring i dent i ca 1 responses when the same vari ab 1 es (e.g. ·temperature, 
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fluence) are changed. Sometimes this is possible. More often, the 

advantages of working on a compressed time scale and exploring conditions 

not ·achievable with neutron irradiations cause the experimental variables 

in CP experiments to fall otitside the range of normal neutron parameters. 

Under these conditions it is important to be able to quantify and control 

th~::;IVariables singly and in combination to systematically study their· 

inf:luence. Finally, it is necessary to quantify variables, even if they 

cann~t be specifically controlled (e.g. induced stresses). 

Not· all of these questions bear equal significance. An appreciation of 
. . 

the hierarchy of co~relation needs is evident in the way CP experiments 

have been. designed for the OAFS· program. Basically, it has been 

recognized that there are essentially three groups of 11 atypical 11 

variables: 

1) those which can be avoided or minimized by suitable experimental 

techniques, e.g. injected interstitial effects·, impurity 

pick-up,. loss of point defects to the free surface and point 

defeit gradient effects; 
-. . ~, .• , .• r • , . 

• • ,, •J • ' • :: ~ 

2) those which are being addressed in a variety of CP studies (not" 

·,J.. necessarily related to neutron irradiation effects) which are 

reasonably c 1 ose to being quantified, e.g. PKA recoil energy 

spectra effects, cascade overlap effects, point defect gradient 

effects and methods of implanting helium or other solutes; 

3) those requiring a significant amount of researchi including 

focussed efforts by OAFS programs, e.g., acceleration of ~inetic 

processes with different dependences on atomic displacement rate 

and temperature, developm~nt of appropriate kinetic models for 

rate effects, and development of reliable techniques for 

determining the state of stress in an ion implanted solid. 

A-14 



In the following section we discuss each of these· variables in more detail 

and in accordance (roughly) with the above classifications. 

3. DISCUSSION OF INTERPRETATIONAL 11 TOOLS 11 NEEDED FOR CROSS-CORRELATION 

OF CHARGED PARTICLE AND NEUTRON IRRADIATION DATA. 

This section is primarily a discussion of the basic physical differences 

between CP and neutron irradiation outlined in the previous section. A. 

lengthy scientific discourse could be given for each item. That will not 

be done here. Instead we will simply try to summarize the present degree 

of understanding, relevance to OAFS studies for projected fusion reactor 

.first-wall conditions and possible means of acquiring the knowledge needed 

to correlate with neutron data. 

It must be stated at ~he outset that the same questions (with the 

exception of matching (n,a) effects) are of concern in the emerging fields 

of 11 surface engineering11 implantation metallurgy, semiconductor 

fabri cat i ott for 1 arge sea 1 e integration and integrated. optics. Thus, 

there are many scientists around the world currently studying these 

effects·.. The prognosis for acquiring good phys i ca 1 understanding of most 

of them within the next 5-10 years is good. 

3.1 Doping of the Damage Region with Implanted Interstitials 

Anomalously low swelling rates in the vicinity of the peak damage region 

in self-ion bombarded targets prompted considerable experimental· and 

theoretical work several years ago(16>. It was suggested that the 

. proximity of the damage peak to the mean projected range of bombarding 

ions resulted in a sufficient imbalance in the concentration of 

self-interstitials and vacancies tha~-void formation was suppressed. The 

problem would· be compounded if the implanted ion was also a dopant and 

could alter the chemical composition in the region.of observation. 
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Because this effect can be observed directly and/or avoided by the choice 

of ion energy and section depth, it is not thought to present a serious 

impediment to use of CP experiments for elucidating fast neutron damage 

mechanisms. Many experiments in the OAFS program have avoided this 

problem by taking data from sections ~0.4~m to 3~m away from the projected 

range of the heavy ions and analyzing to assure no back-diffusion of the 

heavy ions to the region of observation. 

3.2 Impurity Pick-up From the Vacuum Ambient 

Most ion bombardment experiments designed today to approximate fast 

neutron damage are conducted in high vacuum. This was not always the 

case, however. Oepos it ion of hydrocarbons on surfaces of ion bombarded 

foils was a common occurrence for many years (and is still observed if the 

vacuum degrades to pressures in excess of ~10-7 Torr). The influence of 

these deposits on microstructural development is not known. High 

temperatures and recoil implantation effects certainly favor carbon 

transport into the near surface regi o·n. Some evidence suggests that 

carbon may influence nickel and silicon segregation in 316 stainless steel 

(SS)(17) and copper-vacancy cluster formation in ferritic steels(1B) under 

neutron irradiation. Thus there is reason for concern. 

The relevance of this phenomenon to tokamak first wall conditions and the 

OAFS program is threefold: (1) Even with armor, impurity pick-up effects 

from the ambient at the first wall as well as at the divertors, limiters 

and beam dump components may be appreciable. (2) As part of the OAFS 

effort (and with OFE funding) special experimental capabilities(l9) to 

determine the effects of controlled changes in partial pressures of H, o2, 

N2, CO, co2 , H2o, etc. on damage microstructures developed by ion 

bombardment were constructed. (3) For comparison of bulk radiation effects 

under ion and fission neutron 

quantitatively determine the source 

chemistry in both environments. 

i rradi at ion · it is necessary to 

and extent of changes in local 
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The phenomonon is generic to ion imp 1 an tat ion, and is contra 11 ab 1 e and 

amenable to experimental investigation. It is actively being studied with 

sophisticated nuclear reaction profiling techniques( 20) at several 

laboratories including Sandia National Laboratory, ORNL, U.-Pitt. and at 

additional sites abroad. It seems highly likely that sufficient data will. 

be available in 1-2 years to permit some definite conclusions regarding 

the degree and importance of such contamination. 

3.3 Loss of Point Defects to the~Free Surface 

It was demonstrated a number of years ago that void formation could be 

inhibited by the proximity of a free surface( 20)_ The magnitude of the 

void denuded zone was shown to depend on the ratio of the vacancy 

diffusivity to the atomic displacement rate for a given foil thickness. 

Simi 1 arly, post-i rradi ati on annealing experi.ments ( 21) have demonstrated 

that cavity .shrinkage kineti·cs can be altered in regions close to the 

surface. For most of the high energy ion bombardment conditions used in 

the current OAFS program, experimentally determined void denuded zone 

widths are small compared to the depth at which data is normally taken. 

Therefore, it is unlikely that foil surface effects perturb significantly 

the kinetic processes in the regions being studied. 

3.4 Point Defect Gradient Effects Arising from a Depth Dependent Atomic 
Displacement Rate 

The amount ·of energy per incident ion dissipated in atomic displacement 

events varies with depth in the specimen. Thus one anticipates gradients 

in point defect concentrations that could affect kinetic processes. This 

is, at present, an unresolved concern; however there are indications that 

it may not be very important. For example, very little decoration of 

steep damage energy profiles by substitutional solutes has been 

observed(22 •23 ). Some enhancement of concentrations of fast-diffusing 

interstitial elements such as carbon in the vicinity of the damage peak 
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have been reported <24) but it is not clear whether this is the result of 

point defect gradients or simply decoration of a varying concentration ·of 

defects such as dislocation loops by the fast dif{using species. 

In some of the OAFS CP studies, the heavy ion data are obtained from 

regions we 11 removed from the damage peak where damage energy gradients 

are minimal. This is being treated as a variable in interlaboratory data 

comparisons, and if gradient effects prove to be important, a 11 OAFS CP 

studies will be performed this way. 

Combined low energy channeling/Rutherford backscattering and transmission 

el~ctron microscopy (TEM) techniques are currently being used at a number 

of 1 aboratori es to measure concentration profi 1 es for various so 1 utes 

re~ulting ·from a variety of atomic displacement conditions<25 >. The 

intention is to study diffusion in metals at low temperatures and solute· 

redistribution by cascade mixing and Kirkendall effects. Such studies are 

clearly r.elevant to the question of the importance of point defect 

gradients. Unfortunately they are still in their infancy. Several years 

of research will be required to obtain definitive evidence. 

3.5 Primary Recoil Energy Spectra Effects 

The basic difference in the primary recoil spectra (the relative number of 

primary recoiling atoms having energy T as a function of T) for fast 

neutrons and ions is the large number of low energy primary recoils in the 

latter. There is both experimental and theoretical evidence that above a 

sufficiently large recoil energy (i.e. >10 to 50 keV) the differences in 

recoil spectra should not be too sig~ificant if exposures are calculated 

in terms of a physically appropriate unit such. as damage energy or dpa 

(26-28). However, it should be noted that while use of damage energy 

exposure units has 11 worked 11 in a number of cases, this expedient has not 

always been successful; for example, in correlating 14 MeV and fission 

reactor data in a few instances<27 >. Other experimental verification has 
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been found in studies in which the ion mass/energy has been varied with 

little observable effect. <29 ) However, the existence of a large component 

of low energy recoils (< 10 keV) may have some effect on neutron charged 

particle correlations (and even on fission neutron - 14MeV/high energy 

neutron correlations) in a way which is both material and property 

sensitive. For example, it is known that for some properties, the damage 

efficiency increases with decreasing recoil energy below~ 10 kev< 30); on 

the other hand, propet'ties which are sensitive to defect clusters may show 

a recoil energy threshold( 31). 

Nevertheless, most researchers appear to feel that differences in recoil 

spectra are not as s i gni fi cant as some other vari ab 1 es. However, it is 

probably most significant that consi derab 1 e rese·arch wi 11 be qi rected at 

this question in the next several years in connection with OAFS sponsored 

RTNS-II/fission reactor intercorrelation studies, as well as extensive 

work in Europe and Japan. It is anticipated that appropriate displacement 

damage exposure units for neutron charged particle correlations will be 

a~ailable within a period of about five years. 

3. 6 Point Defect Annealing Rates and Cascade Overlap Effects at High 

Particle Fluxes · 

Microstructural evolution depends not only on the the specifics of energy 

partitioning on the fast collision time scale but also on defect 

annealing. One criticism that can be le~eled at early CP studies is that 

some beam currents may have been 1 arge enough to cause cascade overlap 

within the time required for vacancy diffusion out of cascade core 

regions. Detailed effects are not known because few systematic studies 

have been reported, but some intuitively suspect that this alters the 

basic 11 damage physics 11
• Others intuitively feel it is probably· a 

second-order factor. It is, however, an issue implicitly related to 

underlying damage rate (flux) effects, in general, and ·is properly an 

important item for OAFS consideration. Further, it is also related to the 
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basic stochastic .character of radiation damage, particul~rly in t~e case 

where particles produce energetic cascades, viz. - both neutrons and CP 

irradiations. 

The approach taken to date in OAFS CP studies related to fusion conditions 

is to consider the atomic displacement rate as a key variabl~. Thus, the 

different laboratories are using a range of damage rates from -2 x 10-5 

dpa/-s to -5 x 10- 3 _dpa/s with overlap experiments at -16-4 dpa/s. The 

lowest rate approaches that found in some .fission reactors and the highest 

is comparable to that used in earlier CP studies. It is not yet possjble 

to say unequivocally to what extent the damage rate can be increased to 

accelerate experiments without changing specific mechanisms.. Pertinent 

theoretical work (outside the OAFS program) on time-dependent point defect 
11 Wind 11 effects( 32 ) is currently underway and modeling of rate (flux) 

effects is planned in the OAFS program. In .addition the economic 

incentive to . use high current ion acce 1 era tors for 11 surface engi neeri ng 11 

and implantation metallurgy applications is putting strong emphasis on the 

study of ion beam damage rate effects elsewhere in the scientific 

community. It is anticipated that a sufficiently detailed understanding 

of cascade overlap ·and vacancy annealing phenomenon _will be achieved in 

the next 5-10 years to pro vi de a sound phys i ca 1 basis for treating this 

effect when extrapolating over several orders of magnitude in damage rate; 

of course, .many short-term studies conducted at lower dose rates-will no~ 

be significantly constrained by the potential effect of this phenomenon. 

3. 7 Method of I_mplanting Helium (and Hydrogen) to Simulate Helium and 

Hydrogen Generation from (n,a) [(n,p)] Reactions 

Various laboratories. use somewhat ~iff~rent techniques to implant helium 

during dual-ion irradiations. For example, in some.cases rotating tapered 

solid degrader fojls are used, while in ·others the specimen is rocked to 
. . 

spread out the helium bea·m. Further, the helium deposition profile 

relative to the displacement damage distribution varies between 



faci 1 it i es. The influence of these differences is not expected to be 

large; however, it is one of the issues that is being specifically 

addressed in an intercorrelation study involving W-R&D/U.-Pitt., ORNL, ANL 

and the Battelle Northwest Laboratories (BNWL). Data from this study is 

currently being assessed. The distribution of implanted helium as well as 

recoil-induced migration has been studied using a,a scattering and nuclear 

reaction profiling techniques. C20) Finally, some studies at ORNL have 

compared the effect of triple (helium and hydrogen) ion versus dual-ion 
. d. t• (23) . 
1 rra 1 a 1 ons. 

A more significant effect is found for some CP experiments. Prior to the 

design and construction of the several dual-ion beam facilities available 

in the world today, some experiments were conducted by preimplanting helium 

at ~25°C. One of the important contributions of recent CP research has 

been t~e demonstration of the importance of the mode of helium injection 

on microstructural evolution under irradiation. This data is currently 

being analyzed to deduce helium migration distances and critical cavity· 

sizes for the transition from gas driven to bias-driven cavity growth (33 ). 
Moreover, studies involving various helium implantation schedules are 

testing for instantaneous versus average He/dpa ratio effects( 34 , 35 ). 

These have a strong bearing on spectral tailoring experiments in 

mixed-spectrum fission reactors. For alloys containing little or no 

nickel there is a·pressing need, regarding correlation between neutron and 

CP results, for neutron irradiation experiments on low and high 

temperature helium preinjected specimens. Additional work with the ion 

bedlll~ to 1 ook · at ni eke I doping effects 1 s now in progress. (The purpose 

of the nickel doping is to produce helium in non-nickel-bearing alloys 

irradiated .in mixed spectrum· reactor-s.) Studies of helium diffusivity 

from thermal diffusion and collisional processes using 11 selected area 11 

helium implantation techniques are also needed. 

) 
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3.8 Acceleration of Kinetfc Processes with Different Dependencies on 

Atomic Displacement Rate and Temperature 

This to~ic currently poses the greatest obstacle in attempting to 

corre 1 ate CP. and fast neutron data in comp 1 ex alloys. We have a 1 ready 

briefly described some extreme rate (flux) effects in section 3.6 that are· 

related to changes in the basic point defect annealing processes at very 

high rates. Addi tiona 1 effects are expected in comp 1 ex a 11 oys because 

their response to i rradi at ion depends on a ba 1 ance between a number of 

competing processes that can depend in different ways on temperature, time 

an~ the radiation produced point defect fluxes. 

One· example is the likelihood that the kinetics governing the diffusion of 

the different e 1 ements are a 1 tered in different ways by radiation and 

temperature; the. evo 1 uti on of the radiation damage microstructure may 

follow different paths for different.damage rates. It is not necessarily 

possible in such a system to adjust for the damage rate by a simple' 

temperature shift. Other examples of· processes that may affect the damage 

microstructure evolution are precipitate, void and bubble nucleation, 

point defect-impurity trapping, and diffusion of po.int-defect impurity 

bound complexes. In a complex alloy, such as an austenitic stainless·· 

steel, the evolutionary path followed by the alloy· is determined by a 

balance between a number of such processes. A sufficiently .large change· 

in· either temperature or damage rate can alter this balance in such a way 

that an entirely different path (e. g. a different sequence of 

precipitation) is followed. A primary goal of the OAFS damage correlation 

effort is to·. estab 1 ish the temperature and damage rate (flux) 1 imi ts 

within which a particular damage sequence is followed, at least for 

variations in rate (flux) for different neutron experiments. 

A complication that arises in pursuing such studies is the existence of 

chemical composition fluctuations. In complex alloys, it is not uncommon 

for variations 1n composition and initial microstructure to exist in 
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regions tens or hundreds of microns in extent. The primary tool for 

evaluating damage microstructure evolution in both CP and neutron 
tj 

irradiated samples is transmission electron microscopy (TEM) which 

examines a region 1 ess than a micron thick and a ·few tens of microns in 

extent. It is, therefore, essential that local chemistry variations are 

avoided in correlation experiments. It has been found that repeated CP 

experiments on small homogeneous laboratory melts conducted over a period 

of four years yield consistently identical results. However, repeat 

experiments on 316 SS and t i tani urn modified 316 SS materials in the OFE 

program have not shown such reproducibility. In order to make meaningful 

comparisons between neutron and CP experiments or experiments at different 

rates or temperature, it is essential to either control the homogeneity of 

the alloy or to characterize the local chemistry of the region.from which 

~1 data were taken, and compare only regions with identical local chemistry. 

3.9 Introduction of Stresses During Ion Implantation 

An unavoidable consequence of stopping ions in solids is the introduction 

of centers of dilatation. The undamaged and undoped regions lying beneath 

and sometimes outside the beam area (if a ma.sk is used) provide a 

constraint. This can result in theoretically-calculated values of lateral 

stress sufficiently high to perturb some kinetic processes (36 •37). The 

prob 1 em is mitigated in the case of very high energy ions which pass 

compietely through thin specimens. This is not the way most CP 

experiments are conducted, however, because of a large ·number of 

cons 1 de rations ( ve.ry 1 ow- dpa rates, induced radi oact ivi ty, temperature 

control problems, cost, etc.). In the OAFS .program there has been an 

attempt to both include stress as a significant variable during 

implantation of helium (i.e. U.-Va. experiments(JB)) and to minimize the 

effect of internally generated stresses in the heavy ion (dual ion) 

experiments. The latter is accomplished by limiting experiments to low 

damage levels (low concentrations of implanted ions); sectioning specimens 

so that data can be taken from a region that could experience appreciable 
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stress relief from displacement processes above and below it, and (for one 

laboratory(l9)) bathing one entire surface of the specimen with the beam. 
' ~ 

This is an area of active ·investigation at a number of. laboratories 

involved in PMI research activities and at others not connected with OFE 

activities. It is one of the key areas in understanding and predicting 

blistering and flaking effects in tokamak near-plasma components. 

Moreover, the issues of the effects of stress and stress gradients on 

radiation damage, and the relief of stresses by radiation enhanced creep, 

are critical to first wall design and the need to resolve these issues is 

independent of the need to correlate neutron and CP results. In addition, 

the successful application of ion beams to modify surface-sensitive 

properties of metals, ceramics, polymers, etc. will require detailed 
1 

knowledge of the lateral stress build-up accompanying ion implantation. . @-

The principal difficulty is the experimental determination of stress and 

strain leveJs in very thin layers. Various methods hav.e ·been 

proposed( 39 •40 ) but at present it is difficult to deduce more than the 

average integrated lateral stress. 

working hard on this problem. The 

induced stresses and effects of 

Neverthe 1 ess, many 1 aboratori es are . 

needed information on the magnitude of 

externally applied stress on micro-

structure can be anticipated within the next few years. 

3. 10 Interfaces Between Mode 1 i ng Efforts and Charged Part i c l.e Research . 

A good interface between CP research and theoretical modeling efforts will 

be required if both tools ar~ to be used to the maximum possible extent. 

This is implicit in the generally accepted philosophy that -one of the 

major functions of CP research is to provide mechanisms and parameters 

needed for modeling efforts. Further, almost all interpretation of 

charged particle data requires physical models, albeit often qualitative 

and manifested in terms of 11 assumptions 11
• Often because of many competing 

~nd interacting mechanisms interpretations are not unique; this situation 

must be ·clearly recognized. Unfortunately, modeling directed at CP ·data 
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analysis and utilization has been insufficient; in part this stems from 

limited data and its association with potential atypical variables and in 

part a poor theoretical unders·tanding of complex, real-world phenomena. 

A most important goal of future modeling efforts should be to make a local 

inventory of the transport of various constituent species of interest 

(i.e. vacancies, interstitials, alloying elements and transmutants such as 

helium)( 4l )_ Since the transport and. consequential reactions .are 

basically kinetic phenomena, such analysis has often used so-called rate 

theory to take such inventories; unfortunately, due to the inherent 

complexity of such phenomena, most models to date are highly approximate 

and incomplete. For example, many studies have been solely focussed on 

the accumulation of vacancies in clusters (i.e. void swelling) and have 

neglected often important evolutionary processes such as dislocation 

structures and microchemistry. Other approaches to modeling have been 

more empirical and properly focussed on particular mechanisms such as the 

helium inventory algorithm developed by the W-R&D( 42 ). 

In several cases, particularly for simple metal alloys, the models (both 

theoretical ·and semi-empirical) have been reasonably successful in 

predicting several major trends( 43 ); in other cases, particularly for 

complex materials, the models have had more limited success( 9). Much more 

work in the area of compositional/phase stability/local microchemical mass 

~alances is needed. 

Nevertheless, such efforts and improvements in turn offer the best 

verifiable framework of understanding( 44 ). · It must be noted that the lack 

of quantitative understanding of underlying physical mechanisms is also a 

serious obstacle to interpreting and correlating neutron data and is a 

major motivation for CP research. As in the case of neutron research, a 

more intensive iterative cycle of modeling and experiment is required. 
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Finally, the bottom line on fusion materials behavior is mechanical 

properties; clearly, microstructure-property modeling will be needed to 

exploit CP research in a meaningful way with respect to mechanical 

behavior. 

4. PROSPECTS FOR SHORT-TERM IMPACT OF CHARGED PARTICLE RESEARCH ON 

:, ,• TOKAMAK FIRST-WALL MATERIALS DEVELOPMENT 

Since their inception, the dual-ion and charged particle irradiation 

studies in the OAFS program have emphasized detailed studies of damage 

mechanisms: These studies take advantage of the ability to carefully 

control the irradiation variables that is characteristic of the CP 

technique. In most of the work, the emphasis has been on studying the 

effects of heli~m on the damage evolution process. This is motivated by 

the fact that the helium generation rate is a variable which is most 

difficult to control in reactor irradiations, and the one where fission 

reactor conditions deviate most ·Significantly from the mgnetic fusion 

reactor (MFR) environment. Because of the i'ssues discussed above, this 

work is usually characterized as 11 1 ong term 11 research which wi 11 

increasingly pay off only as phenomena such. as helium effects become 

better understood and can be incorporated into quanti tat 1 ve r·ad·i at·i on 

damage models. There is, however, a short-term benefit to be realized 

from these experiments. In particular, they can provide important insight 

in guiding and evaluating the various simulations being carried out 

using neutron sources. Clearly, anything that helps to guide expensive 

neutron experiments and planning for faclities, or test of correlation 

assumptions, can have enormous impact in the short run. 

A good examp 1 e of this is found in ·a recent effort to analyze the 

available CP and neutron irradiation data base for purposes of assessing 

the effect of the He/dpa ratio for developing fission fusion correlations 

for ~welling in 316 stainless steel( 45 l. The collective results 6f the CP 

studies showed a suprising degree of mechanistic.consistency with the more 
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limited neutron data and strengthened the interpretations of these 

results. In particular, the analysis suggested that the response of 

swe 11 i ng to changes in the He/dpa ratio may not be monotonic; and that 

neutron environments ~uch as the High Flux Isotope Reactor (HFIR), which 

has a very high He/dpa ratio, and the Experimental Breeder Reactor-! 

(FBR-II), which has a low He/dpa ratio, may not result in swelling 

behavior which bounds that for intermediate He/dpa ratios chatacteristic 

of a MFR environment. Further, the charged particle data and the 

mechanisms it highlighted was used to guide the construction of a physical 

mode 1 ; the mode 1 was then ca 1 i bra ted to the neutron data and used to 

interpolate to fusion conditons. More significantly, this analysis has 

led to the identification of additional experiments to test the 

assumptions underlying the correlation procedures. 

Another important example is the need to evaluated helium mobility. Both 

theory and experiment suggest this variable may be a very important factor 

as in governing much of microstructural evolution. Thus, 11 incubation 11
, 

initial transients in swelling, the scale of loop and cavity nucleation,· 

precipitate-cavity association, segregation, and migration of helium to 

grain boundaries appear to be strongly affected by helium mobility. (45 ) 

Even if some macroscopic properties are not terribly sensitive to helium 

and helium mobility per-se (perhaps gross swelling in some temperature-dpa 

regimes), other properties are likely to be very sensitive, e.g., creep 

rupture behavior. Char-ged-particle techniques offer excellent flexibility 

and u11i4ue capabilities for evaluating helium partitioning to sinks and 

obtaining upper and lower bounds in helium migration rates. Using 

spatially inhomogeneous helium doping (implanting through masks), beam 

scheduling experiments, and deliberate and controlled temperature changes 

during irradiation, such experiments provide a powerful means of deducing 

helium mobilities. On this one point alone the CP studies can have an 

important near term impact. 
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Another important example that needs to be highlighted is the 

demonstration of the limitations imposed on microstructural data from 

material inhomogeneity constraints discussed previously in section 3.8. 

First it may be argued that this is a limitation not shared in neutron 
I 

experiments _on bulk mechanical properties which integrate over microscopic 

variabilities. However, it should be realized that· 1) such 

inhomogeneities do confound fundamental microstructural interpretation of 

any data set and make extrapo 1 at ions uncertain, and 2) one direction of 

a 11 oy deve 1 opment may be to try to produce more homogeneous a 11 oys. The 

point here is that a very practical issue, homogeneity of the OFE 

reference program materials, is being raised, in large part as~ result of 

findings in the CP studies. The question is of immediate importance to 

both OAFS and Alloy Development for Irradiation Performance (ADIP) 

efforts. 

Second, the ability to control the local composition of alloys through 

implantation microalloying techniques may allow systematic exploration of 

the competing and interactive effects of microstructural and microchemical 

evolution in ways not possible using other techniques. This is an area of 

considerable current controversy, ·which is strongly flavoring the 

philosophical approaches to developing fission-fusion c6trelations in the 

OAFS program; hence, such studies could have important and far reaching 

near term impacts on the direction of both OAFS research and selection 

among alternate data correlations. 

Other examples of potential impact of CP work on short-term needs are not 

difficult to find. Such examples would include: low . dose; low 

temperature effects of microstructure, microchemistry and helium and 

hydrogen partitioning; the effects of pulsing (dpa, temperature and 

stress); the effects of adding nicke·l to enhance (n,a) reactions in HFIR 

and Oak Ridge Research Reactor (ORR) experiments; and hi story effects 

(temperature, flux) on transient phenomena (void incubation, helium bubble 

growth, microchemistry changes). 
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The question of whether CP results 

engineering data correlations in the 

can be used more . directly in 

near term is more difficult to 

answer. We note, however, that the goa 1 s themse 1 ves tend to change on a 

fairly short time scale. In a somewhat arbitrary fashion then we will 

define near-term to be less than 5 years, intermediate term as 5-10 years, 

and long-t~rm to be 10 or more years from now. 

In the near-term, CP results will probably not be used directly for fusion 

engineering data correlations or predictions. (In fairness, ·it must be 

said that correlations between fission reactor and fusion reactor 

properties must themselves face a serious test.) This reflects the need 

to use models to relate microstructural information or mechanical property 

data in atypical environments to the mechanical response o'f the same 

material under first wall conditions. Simply stated, existing models and 

data ·are inadequate. It is thus unlikely that attempts to develop 

engineering design data.from CP results alone within the short-term will 

prove to be a wise expenditure of money and effort. The short-term 

benefit from. CP studies is thus the insight on mechanisms. However, 

continuation of these studies has the potential to more direct utilization 

in the intermediate term. For example, if pulsing effects prove to be 

significant, the only ·experimental basis for including them in data 

correlations will probably be CP studies. While much remains to be done 

to "ca'librate" this tool, the prospect for important long-term impact of 

CP studies appears to be great. Many 1 aboratori es are working on the 

fundamental issues discussed above for a variety of reasons. Successful 

delineation of these phenomena and translation of them to fusion reactor 

conditions will greatly enhance the usefulness of data from both current 

and future CP research. It will also permit studies of alloy systems not 

readily amenable to experiments in fission or mixed spectrum environments. 

It is doubtful that a fusion materials test reactor can be designed and 

constructed within the 10 years or so it may take to develop .the 

interpretational tools needed for CP studies. Continuity of effort in 

terms of such experiments and model development should yield an important 
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return in the long run in the form of well-designed, economically 

attractive first wall materials. 

5. PROGRAM COORDINATION 

What emerges from the preceeding considerations· of the historical 

applications of CP techniques, their advantages and limitations, the 

prognosis for a continual improvement in correlating CP and neutron 

conditions and. their unique capabilities in addressing important OAFS 

needs are the following: 

1. There is a need for ·cant i nua 1 CP program co-ordination and a 

definable modeling effort. It is recommehded that at a mini~um, 

an ad hoc task group meet about twice a year inc 1 udi ng Basic 

Energy Sciences (BES), PMI, implantation metallurgy, and surface 

engineering and theoretical support group participation. At 

least one OAFS program should include a component to follow 

closely progress in BES* and other programs input to the DAFS 

effort. 

2. The coordinated CP effort should always be addressing 

simultaneously 1) conditions unique to the fusion environment, 

2) identification of accessible damage regimes, and 3) basic 

correlation between CP and fast neutron effects. All three 

items are compatible with DAFS needs, existing experimental 

capabilities, participating laboratory philosophies and common 

sense. 

*The contribution of the BES-funded programs (at ORNL and BNWL) should be 
emphasized. In several cases the work has been targeted directly at 
issues relating to helium effects and pulsing which are of immediate 
interest to fission-fusion correlation efforts. 
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One example of a recent initial ad hoc group effort is shown in the 

following flow charts. From this exercise it is a short step to the 

development of a coordinated test matrix and detailed milestone tasks in 

propos a 1 s or work schedules. It should be pointed out that much of this 

effort is already in place in the OAFS program. The principal difference 

is the construction of an explicit (written) coordinated program rather 

than the informal, implicit one already in p'lace. Better coordination 

plans may be possible and clearly can evolve from the existing base. 

However, this requires a stable commitment of reasonable resources and a 

continuing, disciplined effort to resolve the fundamental underlying 

issues. 
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1. Direct Correlation between Charged Particle and Neutron Irradiations 

Evaluation of lo~al chemistry and 
r~te effects in.p~eviously 
irradiated materials 

Complete correlation of dual-ion 
irradiation at different labs 

ORR irradiation of solution 
treated and aged 316 SS, PCA 
and El9 

·-------· --------.. -- -- --· ·-··· -· ..... . . .... _ ·---

! 
I 

Define correlation model for 
correlation of ion simulation 
results including effects of 
damage rate and PKA spectrum 

Correlate ion simulation and 
neutron irradiation resul 

r-
-

I ' Evaluate status of correlation 
Select material and experimenta 1 

conditions for additional experiments 
based on above 

' 
-~ 

Perform ion irradiations 
on selected correlation 
rna teri al (if ST-A 316 is 
unsuitable) 

Define :.~~~.~~:t~~~r~~~~! ~; ~ ~~~.~ ~J for 

~----.-···· 

Perform experiments to test 
correlation model 

Define final correlation model 

--~------------------1 
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2. Identification of Damage Mechanism Regimes 

Ex~erimental investigations to evaluate: 
Atomic displacement rate effects 
Doping of damage region (unintentional) 
Effects of point defect graaients 
Effects of stresses 
Doping of damage region (intentional, e.g., by He or H) 

Techniques 
Section samples at various depths in damage profile 
Compare results from irradiations with different ion 

types and energies 
Measure local chemistry by EDX, EELS, and nuclear 

rea~tion profiling 5 Evaluate· effect of damage rate (10- [neutron] to ··· 
· · 3 x lQ-3 dpa/s) . 

....... ----~--"1"""'"---- --··-------------------1 

Evaluate results of above 
ion irradiation studies 

Evaluate results of complementary 
experiments from other programs 

BES 
.surface Engineering 
Implantation Metallurgy 
PMI activities 

Establish experimental limitations and 
improved techniques·for future ion 
irradiation studies · 
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3. Evaluation· of Conditions Unique to the ~1FR Environment 

Theoretical analysis of potential Ex peri menta 1 investigation of . 
effects of: effects of: 

Regular pulsing of flux, He:dra ratio 
temperature and stress Preirradiatiori mic~ostructures 

Occasional large pulses ·Beam schedule (spectral 
from disruptions tailoring} 

.. •. ··-·-:-

... 

Design critical pulsed experiments Experimenta 1 investigations of: 
Helium and alloy composition on 

ferritics 
Microstructural partitioning of He 
Effects of He on solute 

segregation 
Hvdroaen effects. 

+ 
Continuing. experimenta 1 program-

+ 
Refine models for pulsed 

operation effects 
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